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Photocurrent and photovoltage can be generated in ferroelectric materials under near-
ultraviolet illumination which is known as ferroelectric photovoltaic effect. At present, 
research interest is being drawn by the exciting possibility of using ferroelectric thin 
films for the photovoltaic applications of optical sensor, actuator and energy 
transducer. With regard to these promising applications, photovoltaic properties in 
ferroelectric thin film need to be studied carefully and the photovoltaic power 
conversion efficiency needs to be enhanced. Theoretical model is also necessary to 
understand the photovoltaic generation mechanism. The objective of this work is to 
study photovoltaic properties of PLZT-based ferroelectric thin films and to improve 
the photovoltaic power conversion efficiency for potential ferroelectric-based 
photovoltaic applications. Some effects and issues that are closely related to 
ferroelectric photovoltaics, such as Schottky effect, thickness effect, screening effect 
and the stability issue of photovoltaic response, were also investigated in detail to 
reveal the inherent photovoltaic properties in ferroelectrics. In this work, the PLZT-
based ferroelectric thin films were fabricated using chemical solution deposition 
(CSD) and physical vapor deposition (PVD). Photovoltaic effects in PLZT thin films 
were systematically studied through experimental and theoretical investigations.  
 
First, it was found that interfacial Schottky barriers significantly influence the 
magnitude and polarity of photovoltaic outputs in ferroelectric thin films. Asymmetric 
Schottky barriers at the two ferroelectric-electrode interfaces cause non-zero 
 xiv
photovoltaic output in the unpoled films and asymmetric outputs in different poling 
directions in the poled films.  
 
Secondly, as for the thickness effect, both short circuit photocurrent and photovoltaic 
efficiency showed exponential-like increase with the decrease in film thickness. 
Photovoltage in the poled films showed a linear dependence on film thickness.  
 
Thirdly, when it comes to the screening effect, the dielectric constant of the electrodes 
substantially influences the photovoltaic output of the sandwiched ferroelectric thin 
film in between electrodes. A low-dielectric-constant electrode showed more severe 
screening effect than the high-dielectric-constant electrode. As a result, the use of 
electrodes with high dielectric constant will give rise to dramatically enhanced 
magnitude of photocurrent. 
 
Furthermore, an unprecedented high power conversion efficiency in the order of 10-3 
(0.28%) was demonstrated in our sputtered nanoscale ferroelectric epitaxial PLZT 
thin films with the thickness of tens of nanometres. It significantly exceeds the so-far-
reported data (10-5) and theoretically predicted limit (10-6~10-4) of the photovoltaic 
efficiency in ferroelectrics. Our theoretical analysis predicted that an even higher 
efficiency may exist in high quality ferroelectric ultrathin films. 
 
 xv
In addition, the stability issue of photovoltage response in PLZT thin films under the 
condition of multi-cycle illumination was also investigated. The observed 
photovoltage reduction in the multi-cycle illumination for the poled PLZT films 
showed that the ferroelectric polarisation-induced internal electric field was degraded 
likely due to the screening by the photo-induced trapped charge carriers. The 
degraded magnitudes in photovoltage under the multi-cycle UV illumination were 
found similar in ferroelectric thin films poled at thicknesses and in-plane directions 
despite their large difference in the length of ferroelectric film dimension (electrode 
gap). Thus, it is believed that the charge trapping and polarisation screening mainly 





1 Chapter 1   Introduction 
 
 
1.1 Ferroelectric materials  
Ferroelectricity is a phenomenon of crystalline matter. It occurs in ferroelectric 
materials, which are a subset of polar materials, i.e. the piezoelectric and pyroelectric 
materials. Thus, ferroelectricity is inherently accompanied by piezoelectricity and 
pyroelectricity. Generally speaking, a polar material allows a polar axis in the crystal 
and usually has the characteristic of noncentrosymmetrical lattice. Particularly, for 
ferroelectric materials, the noncentrosymmetrical arrangement of ions in a unit cell of 
the lattice produces an electric dipole moment and thus generates spontaneous 
polarisation in the unit cell, wherein polarisation is defined as the total dipole moment 
per unit volume. Spontaneous polarisation usually develops through structural phase 
transition at Curie temperature TC from a high-temperature non-ferroelectric (or 
paraelectric phase) into a low-temperature ferroelectric phase. The transition into a 
ferroelectric phase usually leads to strong anomalies in the dielectric, elastic, thermal 
and other properties of the material and is accompanied by lattice distortion. Taking 
the standard ferroelectric material lead zirconate titanate Pb(Zr,Ti)O3 (PZT) for 
example, PZT is a perovskite crystal which transforms from a non-ferroelectric cubic 
to a ferroelectric tetragonal phase at its Curie temperature [1]. As shown in Fig. 1-1, 
before polarisation, PZT crystallites have symmetric cubic unit cells. At temperatures 
below the Curie temperature, the lattice structure becomes deformed and asymmetric. 
The unit cells exhibit spontaneous polarisation; the spontaneous polarisation in PZT 
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lies along the vertical axis of the tetragonal unit cell and crystal distortion is usually 
described in terms of shifts of O and Zr/Ti ions relative to Pb [1]. Most of the 
ferroelectric materials that are of practical interest have perovskite structure, e.g. 
LiNbO3, (K,Na)NbO3, BaTiO3, Pb(Zr,Ti)O3, BiFeO3. Perovskite crystals have the 
general formula ABO3, where the valence of A cation is from +1 to +3 and of B 
cation from +3 to +6. For the particular case of PZT, Pb occupies the A site, and Zr/Ti 
occupies the B site in a unit cell. 
 
Fig. 1-1. PZT unit cell: (1) Perovskite-type lead zirconate titanate (PZT) unit cell in 
the symmetric cubic state above the Curie temperature. (2) Tetragonally distorted unit 
cell below the Curie temperature. 
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The spontaneous polarisation in a ferroelectric crystal is usually not uniformly aligned 
along the same direction throughout the whole crystal. The region with uniformly 
oriented polarisation is called the ferroelectric domain. Ferroelectric spontaneous 
polarisation can be aligned by applying an external electric field (poling field) along a 
certain orientation. After removing the poling field, a remnant polarisation remains in 
the ferroelectric crystal, and this remnant polarisation can provide a high internal 
electric field in the bulk ferroelectric crystal. Moreover, spontaneous polarisation in 
the ferroelectric crystal can also be re-oriented by an opposite poling field, i.e. 
switched by 180°. The switchable polarisation is the most important property of 
ferroelectrics. One consequence of the polarisation switching in ferroelectric materials 
is the occurrence of the ferroelectric hysteresis loop. A typical ferroelectric hysteresis 
loop is shown in Fig. 1-2. At small values of the AC electric field, the polarisation 
increases linearly with the field amplitude. This corresponds to segment AB in Fig. 
1-2. In this region, the field is not strong enough to switch domains with the 
unfavourable direction of polarisation. As the field increases, the polarisation of 
domains with an unfavourable direction of polarisation will start to switch in the 
direction of the field, rapidly increasing the measured charge density (segment BC). 
The polarisation response in this region is highly nonlinear. Once all the domains are 
aligned (point C) the ferroelectricity again behaves linearly (segment CD). If the field 
strength starts to decrease, some domains will back-switch, however at zero field, the 
polarisation is nonzero (point E). To reach a zero polarisation state the field must be 
reversed (point F). Further increase of the field in the negative direction will cause a 
new alignment of dipoles and saturation (point G). The field strength is then reduced 
to zero and reversed to complete the cycle. The value of polarisation at zero field 
(point E) is called the remnant polarisation, PR. The field necessary to bring the 
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polarisation to zero is called the coercive field, EC. The spontaneous polarisation PS is 
usually taken as the intercept of the polarisation axis with the extrapolated linear 
segment CD. An ideal hysteresis loop is symmetrical so that +EC=−EC and +PR=−PR. 
The coercive field, spontaneous and remnant polarisations and shape of the loop may 
vary according to many factors including the thickness of the film, the presence of 
charged defects, mechanical stresses, preparation conditions, and thermal treatment. 
 
Fig. 1-2. Ferroelectric polarisation-electric field (P–E) hysteresis loop. Circles with 
arrows represent the polarisation state of the material at the indicated fields. The 
symbols are explained in the text. (Data source: Ref. [1])  
 
The property of switchable polarisation in ferroelectrics leads to outstanding dielectric, 
piezoelectric and pyroelectric properties. In terms of these useful properties, 
ferroelectrics are essential components in a wide spectrum of applications. The large 
dielectric constant is widely exploited to achieve a high capacitive density. The 
piezoelectric constant of ferroelectrics is up to 1000 times larger than that of quartz, 
and the large electromechanical coupling gives rise to important applications in 
ultrasound imaging [2, 3], acoustic filters [4], and motion and vibration sensors [5, 6]. 
Non-linear behaviours in dielectric and electromechanical coupling are exploited to 
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tune capacitors [7-10], refractive index of active optical devices [11, 12], and 
mechanical response of electrostrictive actuators [13, 14]. The pyroelectric effect of 
ferroelectric materials makes them also applicable in infrared detectors for sensors 
and imaging [15]. Over the past three or four decades, the dielectric, piezoelectric and 
pyroelectric properties have been extensively studied in ferroelectric materials and the 
relevant applications have been well-developed. However, photovoltaic property, 
which is another important property for ferroelectric materials, has not been given 
much attention.  
 
1.2 Photovoltaic effect in ferroelectric materials  
1.2.1 Interface-based and bulk-based photovoltaic effect 
Photovoltaic (PV) effect is a physical process which converts light into electricity. 
Photovoltaic technology is being recognized as one of the major solutions to the 
growing global energy crisis. In order to develop efficient photovoltaic technology, 
people have mainly focused on semiconductor materials for a very long time, in 
which the origin of the photovoltaic effect is the separation of light-generated charge 
carriers at interfacial energy barriers. Inorganic semiconductor materials, e.g. silicon 
[16, 17] and multi-junction-based semiconductor compounds [18], are playing the 
dominating role for solar cell applications. In recent years, photovoltaics based on 
organic materials, including polymer composites [19] and dye-sensitized materials [20, 
21], have also attracted great attentions. However, ferroelectric materials, which 
exhibit strong bulk photovoltaic effect, have never been seriously explored for 
photovoltaic applications due to their extremely low photovoltaic efficiency typically 
below 10-4 or 10-5.  
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The materials that can exhibit photovoltaic effect must satisfy three fundamental 
conditions. First, they must be able to absorb light and generate charge carriers. 
Second, there must be an internal electric field in the material to separate light-
generated charge carriers. Third, the carrier mobility should be high enough and the 
carrier lifetime should be long enough, so that carriers can effectively transport in this 
material and can be collected at the electrodes. In the case of ferroelectric materials, 
they strongly absorb ultraviolet (UV) light and the remnant polarisation can generate 
very high internal electric field (up to 106~107 V/m) [22] for the separation of photo-
generated charge carriers. Therefore, ferroelectric material is a promising candidate 
for photovoltaic applications. In the early stage of 1970s and 1980s, experimental [23-
25] and theoretical [26-32] photovoltaic studies in ferroelectrics were mainly focused 
on bulk ceramics. From mid 1990s onwards, photovoltaics in ferroelectric thin films 
gradually attracted research interests due to its great potential in applications on 
optical detection, photo-driven actuation, and wireless energy transfer in micro-
electromechanical systems (MEMS) [33-36].  So far, photovoltaics in ferroelectrics, 
especially in thin films, have still been undergoing investigation, and the underlying 
physical mechanism of ferroelectric-based photovoltaics is the main focusing point.  
 
The physical mechanism of photovoltaic effect in ferroelectrics is still uncertain at 
present. In the early years, a few authors suggested that the photocurrent in 
ferroelectrics arises from delocalised band-to-band optical transition in polar crystals 
due to Frank-Condon relaxation of the excited state, wherein the relaxed energy is 
essentially the difference between the change of electronic energy and strain energy of 
the lattice [31, 37]. It was also reported that the appearance of photocurrent in 
ferroelectrics is due to the asymmetric momentum distribution of photo-excited 
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carriers in noncentrosymmetric crystals [38]. Another point of view on the nature of 
ferroelectric photovoltaics is the nonlinear property of the dielectrics under UV 
irradiation, wherein the illumination creates not only charge carriers but also a dc 
electric field in the ferroelectrics [13, 39].  The most widely accepted explanation is 
schematically shown in Fig. 1-3. When the light with a wavelength corresponding to 
the ferroelectric absorption edge is incident on an electrically poled ferroelectric 
crystal, photons are absorbed by the crystal with the excitation of charge carriers – 
electrons and holes. Photo-generated electrons and holes are driven by the 
polarisation-induced internal electric field in opposite directions towards the cathode 
and anode. In this case, cathode and anode can collect the photo-generated charge 
carriers and thus these charge carriers can contribute to the photovoltaic output.  
 
Fig. 1-3.  Schematic illustration of physical mechanism of photovoltaic effect in 
ferroelectrics. 
 
In the sense of physical mechanism, photovoltaic effect in ferroelectrics is essentially 
a sort of bulk-based effect, which differs from the conventional interface-based 
photovoltaic effect in semiconductors [40], such as p-n junction or Schottky junction. 
In the prior-art interface-based photovoltaic effect, the internal electric field, which 
separates the photo-generated charge carriers, is induced by the energy barrier at the 
interfacial junction. The internal field thus only exists in a very thin depletion layer at 
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the interface/junction, and is almost zero in the large bulk region of the material 
located at the two sides of the junction, as shown in Fig. 1-4. It is also well known 
that the open circuit photovoltage, whatever its nature, cannot exceed the energy 
barrier height of the junction. Thus the output photovoltage in the interface-based 
photovoltaics is usually low (less than 1 V), and is independent of the length or the 
thickness of the photovoltaic material.  
 
Fig. 1-4. Schematic illustration of physical mechanism of conventional interface-
based photovoltaic effect, wherein the internal field E only exists in a very thin 
depletion layer at the junction but not the entire bulk region of the material. 
 
In contrast, in the ferroelectric bulk-based photovoltaic effect, the distribution of the 
internal field is very much different from the situation in the interface-based 
photovoltaics. After electric poling, the remnant polarisation exists in the entire 
ferroelectric crystal, and thus the polarisation-induced internal electric field distributes 
over the entire bulk region [22] of the ferroelectric rather than within a thin layer. In 
this case, larger dimension of the ferroelectric crystal means that there should be 
larger space in which the internal field can exist for the separation the photo-
generated charge carriers. Therefore, the output photovoltage is proportional to the 
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thickness of the ferroelectric crystal. Usually, the photovoltage per unit length can be 
very high – up to 1 kV/cm. In this sense, the photovoltaic effect in ferroelectrics is a 
bulk-based effect in essence. 
 
1.2.2 Photovoltaics in ferroelectric bulk ceramics  
The photovoltaic effect in bulk ferroelectrics was first discovered in BaTiO3 in 1956 
[41] and then in LiNbO3 in 1969 [42]. However, it did not cause much attention at 
that time. Until the anomalous photovoltage up to kV/cm in the bulk ferroelectrics 
was observed in the early 1970s, it attracted great research attention towards 
understanding the photovoltaic phenomenon in bulk ferroelectric materials and 
underlying physics issues. The photovoltaic study in bulk ferroelectrics thus 
progressed quickly during the 1970s, and several important factors that determine 
photovoltaic output were investigated. Photovoltaic output in bulk ferroelectrics 
depends on multiple factors, including incident light wavelength and intensity, light 
absorption, temperature, quantum efficiency, chemical composition, ferroelectric 
dimension, ferroelectric crystallinity, crystal orientation, grain size, energy band 
structure, fabrication process, ferroelectric polarisation, charge carrier transport 
parameters, ferroelectric-electrode interface property, defect density, and so on. Such 
multiple dependences brought up much complexity and difficulty to the study of 
photovoltaics in bulk ferroelectrics. Therefore, in order to examine the effect from a 
certain factor, the situation of multiple dependences needed to be simplified. A 
common way that researchers adopted is to vary conditions at only one aspect while 
controlling the conditions at all other aspects. 
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i) Illumination dependence in photovoltaics of  ferroelectric bulk ceramics 
Among these factors, the influence from the incident light, including illumination 
intensity and wavelength is one of the well-studied factors in the early years. It was 
found that photocurrent is proportional to the incident light intensity and the 
photovoltage gradually saturates with a higher incident light intensity in typical 
ferroelectric bulk ceramics of LiNbO3, BaTiO3, and Pb(Zr,Ti)O3 [26]. An empirical 
intensity-photocurrent characteristic J = ακI (where J is the photocurrent density, α is 
the optical absorption coefficient, κ is the Glass coefficient, and I is the incident light 
intensity), which is called the Glass law, was obtained by Glass et. al in 1974 to 
describe the relationship between the photocurrent density J and absorbed power 
density αI. Glass law describes the photocurrent linearity with light intensity and 
Glass was the first to formulate the photocurrent in ferroelectric bulk ceramics [37]. 
On the other hand, it had been also established that the maximum photocurrent and 
photovoltage in ferroelectric bulk ceramics occurred at the wavelength corresponding 
to either the material intrinsic absorption edge – band gap [43], e.g. in LiNbO3, 
BaTiO3 and Pb(Zr,Ti)O3 family, or extrinsic absorption edge – impurity doping level 
[27], e.g. Fe-doped KNbO3.  
 
ii) Polarisation dependence in photovoltaics of  ferroelectric bulk ceramics 
The polarisation dependence of photovoltage is another well-studied factor from early 
1970s. It was found that the polarity of photovoltage accords with the direction of 
remnant polarisation, and the magnitude of photovoltage is proportional to the 
magnitude of remnant polarisation [23] PR (µC/cm2) in both BaTiO3 and Pb(Zr,Ti)O3 
bulk samples.  
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iii) Temperature dependence in photovoltaics of  ferroelectric bulk ceramics 
Reports on temperature dependence of photovoltaic output were also seen in the 
1970s. It was shown that photovoltage decreases with the increasing temperature 
ranging up to the phase transition temperature (Curie temperature) [43]. This was 
interpreted as a consequence of the temperature dependence on remnant polarisation 
and ferroelectricity. Since the remnant polarisation was also found to decrease with 
the increasing temperature and the weakening of ferroelectricity (below Curie 
temperature), it is easy to understand the trend of temperature-dependent photovoltage 
because photovoltage is proportional to the remnant polarisation. It is also found that 
the photovoltage vanishes at the temperature where polarisation vanishes. For the 
temperature-dependent photocurrent, it is a little more complicated. Generally 
speaking, similar to photovoltage, photocurrent should also decrease with increasing 
temperature due to the temperature-dependent remnant polarisation (below Curie 
temperature). However, the measured current was inevitably composed of both photo-
induced component and thermal-induced component. Therefore, in a certain 
temperature range (which is material-dependent), thermally-induced current could be 
more prominent over photocurrent, thus, the measured current increases with the 
increasing temperature. Due to this extrinsic effect, the temperature dependence of 
photocurrent does not follow the intrinsic rule in a certain temperature range. 
 
iv) Illuminated J-V characteristic in photovoltaics of  ferroelectric bulk ceramics 
The experimentally observed illuminated J-V characteristic is a straight line in 
BaTiO3, Pb(Zr,Ti)O3, KNbO3 and LiNbO3 bulk ferroelectrics [27], and the classic 
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theoretical description for such a linear behaviour is in terms of dark conductivity 










= + +   
(1.1)  
wherein Jsc is the short circuit photocurrent, and the conductivity σ (dark conductivity 
σdark and photoconductivity σphoto are the material’s conductivity in the dark and under 
optical illumination respectively) is a measure of a material's ability to conduct an 
electric current and it is defined as the ratio of the current density J to the electric field 
strength E. The photovoltage V (V=EL) is the product of the electric field E and inter-
electrode distance of the ferroelectric crystal L. This analytical theory was first 
proposed by Fridkin in the 1970s [27], and then expanded in combination with Glass 
law by Nonaka [44] in the 1990s. 
 
v) Chemical composition dependence in photovoltaics of  ferroelectric bulk 
ceramics 
The study of chemical composition dependence of photovoltaic output in bulk 
ferroelectrics was mainly focused on the standard ferroelectric material – Pb(ZrxTi1-
x)O3 (PZT) family (0<x<1) including impurity doped PZT, e.g. lanthanum-doped PZT 
(PLZT) or WO3-doped PLZT (PLWZT). The maximum photovoltaic output had been 
reported earlier at PLZT 3/52/48 for a coarse composition range. Later on, Poosanaas 
et. al. examined the fine composition range for obtaining the maximum photovoltaic 
effect in PLZT solid solution system in the mid 1990s [45]. They pointed out that the 
maximum photocurrent and photovoltage occurred at different compositions of PLZT 
ceramics. The maximum photocurrent was found at PLZT 4/48/52 which corresponds 
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to the tetragonal phase, while the maximum photovoltage was found at PLZT 5/54/46 
which is along the morphotropic phase boundary (MPB). Later on, Nonaka et. al. also 
obtained similar results [46]. On the other hand, photovoltaic effect was also 
investigated as a function of B-site impurity doping in the 1990s. For WO3-doped 
PLZT, maximum photovoltage and photocurrent were both obtained at the doping 
concentration around 0.5 at.% [47, 48]. For Ta2O5-doped PLZT, maximum 
photovoltage was obtained at 1 at.% while maximum photocurrent was obtained at 1.5 
at.% [47, 49].  With regard to the B-site-doped compositions, it is even pointed out 
that photovoltaic response in PLZT ceramics can be improved in A-site deficient 
compositions [50].  
 
vi) Dimension dependence in photovoltaics of  ferroelectric bulk ceramics 
The situation in dimension (length and thickness of the bulk ferroelectric crystal) 
dependence of photovoltaic output is a little bit complicated. It is known that the 
photovoltage only occurs in the polarisation direction, thereby researchers only 
focused on the dimension effect on photovoltaic output in the polarisation direction in 
the early years. In the polarisation direction, remnant polarisation distributes over the 
entire bulk region of the ferroelectric between two electrodes, so it is easily 
understandable that photovoltage is proportional to the length of the bulk ferroelectric 
[47], which is also the inter-electrode distance. Not until 1998, the thickness effect on 
photocurrent in the direction perpendicular to the polarisation was investigated in bulk 
ferroelectrics. It was found that photocurrent increases with the decreasing in the bulk 
ferroelectric thickness wherein the thickness direction is perpendicular to the 
polarisation direction, and a peak photocurrent could be obtained at the optimum 
thickness of 33 µm, below which photocurrent would drop again [51]. 
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vii) Grain size dependence in photovoltaics of  ferroelectric bulk ceramics 
As for the factor of grain size, the study is quite limited compared with other factors. 
Brody proposed that photovoltage should be inversely proportional to the grain size in 
the 1970s [22]. However, Kim et. al. recently showed that the maximum photocurrent 
could be obtained at the critical grain size. For a larger or smaller grain size than this 
critical grain size, it leads to a drop of photocurrent [52]. It seems that the grain size 
dependence of photovoltaic output in polycrystalline ferroelectrics is rather 
complicated and is highly material dependent. That is why there is no universally 
accepted conclusion on this issue. 
 
Various factors that affect photovoltaic output in ferroelectric bulk materials have 
been investigated, and some basic photovoltaic properties and physical issues in 
ferroelectric photovoltaics have also been clarified in the above research. Based on 
these studies, some bulk-ferroelectric-based photovoltaic device concepts were 
proposed and the device applications were gradually developed from the early 1980s 
onwards.  
 
1.2.3 Photovoltaics in ferroelectric PLZT-based thin films 
With the advancement in the processing of complex ferroelectric thin films and the 
technology to integrate them onto silicon wafers (i.e. the development of chemical 
deposition and physical deposition methods for ferroelectric thin films) in the 1980s 
[53], the research attention on ferroelectric-based photovoltaics gradually shifted from 
bulk ceramics to thin films in the 1990s. Among all the ferroelectric thin films, PZT is 
the most promising candidate among ferroelectric materials for photovoltaic 
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applications because of its outstanding ferroelectric and photovoltaic properties. 
Photovoltaic studies to date on ferroelectric thin films have mainly focused on the 
PZT family.  
 
Some photovoltaic properties in PZT bulk ceramics and thin films were found to be 
similar. The most significant similarities are chemical composition dependence, 
illumination intensity and wavelength dependence of photovoltaic output, and the 
illuminated I-V characteristic. When it comes to chemical composition, it is known 
that appropriate doping of WO3 in PLZT bulk ceramics can improve the photovoltaic 
response, and recently this has also been proven valid for PLZT thin films [54, 55]. In 
addition, it has been demonstrated that, in PLZT thin films, the photocurrent has a 
linear relationship with the illumination intensity and photovoltage saturates to a 
constant value under increasing illumination intensity [56, 57]. The properties of 
illumination intensity dependence of photovoltaic outputs in PLZT thin films are 
equally consistent with those in bulk ceramics. Similarly, with regard to the 
wavelength dependence of photovoltaic output, the PZT family thin films also behave 
like bulk ceramics, wherein the photovoltaic output is controlled by the excitation of 
charge carriers over the forbidden band and the maximum output can be obtained at 
the wavelength near band gap of 3.5 eV [58, 59]. Furthermore, PLZT thin films also 
exhibit the similar illuminated I-V characteristic as bulk ceramics, wherein the 
photocurrent is linearly related to the applied voltage under UV illumination [60]. 
 
Although some similar photovoltaic properties exist between PZT bulk ceramics and 
thin films as mentioned above, the photovoltaic behaviours in the thin films cannot be 
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treated completely the same way as those of bulk ceramics because the ferroelectric-
electrode interfacial effects (including Schottky effect, thickness effect, and 
electrode/screening effect), which are normally neglected in bulk ceramics, 
significantly influence the photovoltaic output in the thin films.   
 
i) Schottky effect in photovoltaics of  ferroelectric thin films 
Brody first noticed the Schottky effect on photovoltaic output in polycrystalline PZT 
thin films in 1993 [61]. He found that photocurrent was not symmetrical in the two 
opposite (positive and negative) polarisation directions, and he proposed that there 
existed a photocurrent component which amends the well-established polarisation-
dependent photocurrent in bulk photovoltaic effect. He also added that this 
photocurrent component was independent of remnant polarisation, and it could arise 
from the contact potential at ferroelectric-electrode interfaces. Subsequently, 
Matsumura et. al. also observed a similar phenomenon in 1995 [62], and they 
suggested that the asymmetric photocurrent in the two opposite polarisation directions 
might be due to the two asymmetric interfaces of electrodes. Later on, Yang and 
Yarmarkin et. al. proposed that photovoltage and photocurrent in PZT thin film 
capacitors may be attributed to the interface-based photovoltaic effect associated with 
the presence of Schottky barrier at ferroelectric-electrode interfaces [63, 64].  
 
ii) Thickness/size effect in  ferroelectric thin films 
The thickness/size effect in the ferroelectric films has been investigated theoretically 
and experimentally at very thin thickness. Junquera et. al. suggested that the critical 
size (without domain formation) to maintain ferroelectricity is around 6 unit cells 
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(~2.4 nm) thickness [65], while Fong and Nicola et. al. predicted that only 3 unit cells 
(~1.2 nm) thickness can sustain stable ferroelectricity in perovskite films [66, 67]. 
Although the true ferroelectric critical size remains controversial, it has been 
generally realised that the film thickness gives rise to a thickness-dependent 
polarisation in ferroelectric films. The first-principle calculations in Junquera’s work 
showed the thickness dependence of polarisation, where the polarisation is zero for 
the thickness below 2.4 nm, and the polarisation increases with the film thickness 
above 2.4 nm, and finally reaches a saturated polarisation value at large film 
thicknesses [65]. Liu et. al. used a generalised Landau–Ginzburg–Devonshire 
thermodynamic theory to calculate the thickness-dependent polarisation and obtained 
similar results [68]. 
 
iii) Electrode/screening effect in ferroelectric thin films 
The screening effect is closely related to the depolarisation field as well as 
photovoltaic outputs in the ferroelectric thin films. The screening charges mainly 
reside at the electrode region and/or ferroelectric-electrode interfacial layers, and they 
always try to reduce the ferroelectric polarisation. A classic model on the 
depolarisation phenomenon in ferroelectrics with conventional metal electrodes was 
established by Mehta et. al. in the 1970s [69]. Batra et. al. and Glinchuk et. al. also 
proposed the theory for screening effect and depolarisation effect in ferroelectrics 
with semiconductor electrodes, in which the screening charge occupies in a certain 
distribution within the range of screening length from the ferroelectric-electrode 
interface in the semi-conducting electrodes [70-72]. In their theories, the screening 
charge distribution and the screening effect depend on the properties of ferroelectric 
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film and electrodes as well, such as polarisation, dielectric constant, and thickness of 
film, etc. 
 
The existence of interfacial effects (including Schottky effect, thickness/size effect 
and screening effect) makes photovoltaics in ferroelectric thin films more complicated 
than those in bulk ceramics. Compared with the small dimension of the bulk region of 
the film, the ferroelectric-electrode interface or an interfacial layer also occupies a 
considerable volume in the whole volume of ferroelectric thin film. Therefore, the 
photovoltaic output in the thin films does not only depend on bulk-related parameters, 
e.g. polarisation state and polarisation-induced internal field, but also largely depends 
on the ferroelectric-electrode interface properties. As for the Schottky effect, although 
the previous researchers observed the phenomenon of asymmetric photovoltaic output 
in the opposite polarisation directions in the thin films and developed some tentative 
explanation, they did not systematically investigate the inherent mechanism of the 
phenomenon. On the other hand, thickness effect and screening effect have been 
known to play important roles in the basic physics of ferroelectric thin films, but it is 
not clear yet how they influence the photovoltaic outputs in ferroelectric thin films. 
As a matter of fact, the interfacial effects bring much difficulty to the photovoltaic 
study in ferroelectric thin films, because it means that the phenomenological and 
analytical theories developed for bulk ferroelectric photovoltaics in the early years are 
not applicable to ferroelectric thin films. 
 
In ferroelectric thin films, interfacial effects play important roles in determining the 
photovoltaic output. However, with regard to the interfacial effects, there is still a lack 
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of understanding and systematic characterisation for photovoltaic outputs in 
ferroelectric thin films (including polycrystalline and epitaxial thin films). In addition, 
the mechanisms for the Schottky effect, thickness effect and screening effect have not 
been clarified yet for the photovoltaics in ferroelectric thin films up to now. Moreover, 
as a consequence of interfacial effects, the stability of photovoltaic output in 
ferroelectrics is undoubtedly influenced by interface properties. In ferroelectric bulk 
ceramics, due to the extremely large volume of the bulk region, interfacial effect is 
negligible. In that case, the stability of photovoltaic output is good and the stability 
issue does not cause any attention in bulk ceramics. In contrast, due to the small 
dimension of the bulk region of the thin film, interfacial effect significantly influences 
the stability of the photovoltaic output. Nevertheless, the interface-effect-induced 
stability issue in ferroelectric thin films has not been given much attention. Obviously, 
addressing the stability issue and clarifying the underlying physical mechanisms are 
also critical tasks for the photovoltaic applications in ferroelectric thin films. On the 
other hand, it has been established that the photovoltaic power conversion efficiency 
in both ferroelectric bulk ceramics and thin films is generally low, typically in the 
range of 10-6 ~ 10-5 [73, 74]. Theoretical analysis also indicated that the ferroelectric 
photovoltaic efficiency is in the order of 10-6 ~ 10-4 [38]. The low photovoltaic 
efficiency in ferroelectrics in current development is still far from standard for device 
applications, thus improving the power conversion efficiency in ferroelectric 
photovoltaics is practically necessary. 
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1.3 Objectives and research scope 
The purpose of this research is to study the photovoltaic effects in PLZT-based 
ferroelectric thin films. The specific objectives are listed as follows: 
 To investigate photovoltaic outputs (including photocurrent, photovoltage, 
illuminated I-V characteristic and light-to-electricity power conversion 
efficiency) in PLZT ferroelectric thin films. 
 To study the stability of photovoltage response under multi-cycle UV 
light illumination, and examine how the interfacial effect influences the 
stability performance of photovoltage in ferroelectric thin films. 
 To improve photovoltaic power conversion efficiency in PLZT 
ferroelectric thin films using epitaxy growth method through chemical 
solution deposition and magnetron sputtering. 
 To study the fundamental photovoltaic mechanisms for ferroelectric thin 
films in terms of different interfacial effects (including thickness effect, 
Schottky effect, and screening effect).  
 
It needs to be pointed out that, in order to investigate the interfacial effects on 
photovoltaic outputs in ferroelectric thin films, film thickness is the key factor that 
needs to be considered. This is because the degree of the interfacial effect contributing 
to photovoltaic outputs largely depends on the film thickness. The interfacial effect 
gradually becomes negligible with the increase in film thickness. If the film becomes 
sufficiently thick, or the bulk region of the film becomes much thicker than the 
interfacial layer, the interfacial effect can be ignored and thus the thin film sample 
exhibits near-bulk property. Another fact that we need to mention is the reason why 
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we try to use epitaxy method to improve the photovoltaic power conversion efficiency. 
This is because that the epitaxial film is supposed to exhibit larger polarisation and 
have better interface quality, which favour the improvement of photovoltaic outputs. 
 
This research should contribute to a better understanding of photovoltaic effect in 
PLZT ferroelectric thin films in the aspect of various interfacial effects – thickness 
effect, Schottky effect and screening effect. The proposed theoretical models that take 
interfacial effects into account should be useful for predicting photovoltaic outputs in 
PLZT ferroelectric thin films with different film thicknesses and electrode materials, 
and they should provide useful information for the choice of film dimension and/or 
electrodes in the photovoltaic ferroelectric device design. In addition, the 
investigation of stability issue of photovoltaic response in the multi-cycle UV 
illumination should enhance the understanding of interfacial effect in ferroelectric thin 
films. It may also come to be useful for photovoltaic stability improvement in 
ferroelectric thin film device applications. Furthermore, the effort of improving 
ferroelectric photovoltaic efficiency in this work will also be useful for ferroelectric-
based photovoltaic applications.  
 
In this research, we restricted the PLZT composition to be (Pb0.97La0.03)(Zr0.52Ti0.48)O3  
(PLZT 3/52/48). This is because the composition of PLZT 3/52/48 is near the 
morphotropic phase boundary (MPB) and has been previously proven to exhibit the 
optimal photovoltaic properties in the (PbxLa1-x)(ZryTi1-y)O3 system. In addition, we 
did not consider thermal effect and temperature change under UV illumination in this 
study and our photovoltaic measurements were all conducted at room temperature. 
  22
Moreover, the PLZT (3/52/48) film thickness is below 1 µm for polycrystalline films 
and below 600 nm for epitaxial films in this study, because interfacial effect 
significantly influences photovoltaic outputs in these thickness ranges in 
polycrystalline and epitaxial films respectively.   
 
1.4 Organisation of the thesis 
The thesis contains 8 chapters, including the introduction as Chapter 1.  
 
Chapter 2 describes the facilities, principles and methods involved in fabrication and 
characterisation of the ferroelectric thin films. 
 
Chapter 3 systematically discusses the photovoltaic outputs, including photovoltage, 
photocurrent, illuminated J-V curve and power conversion efficiency in sol-gel-
derived polycrystalline and epitaxial PLZT thin films. The different photovoltaic 
performances between polycrystalline and epitaxial films are investigated. Schottky 
effect on photovoltaic outputs is also discussed in detail. 
 
Chapter 4 presents a theoretical model for the estimation of thickness dependence of 
short circuit photocurrent in PLZT ferroelectric thin films. This model is developed 
on the basis of bulk ferroelectric polarisation and in principle of current continuity.  
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Chapter 5 presents the regular photovoltaic efficiency (10-6~10-5) in sol-gel-derived 
polycrystalline and epitaxial PLZT thin films first, and then presents the enhanced 
photovoltaic output and the improved photovoltaic power conversion efficiency (~10-
3) of our PLZT thin films fabricated by RF magnetron sputtering. It also points out the 
possible ways to further improve photovoltaic outputs in the future. 
 
Chapter 6 examines the stability of photovoltage in ferroelectric thin films polarised at 
thickness and in-plane direction under multi-cycle UV light illumination. The 
mechanism of photovoltage degradation was analysed by comparing the magnitude of 
photovoltage reduction in ferroelectric films with the two different configurations. 
 
Chapter 7 elucidates the origin and inherent mechanism of photovoltaics in 
ferroelectrics in terms of screening effect. A physical model with regard to screening 
effect of ferroelectric thin films is developed. How the electrode properties affect the 
screening charge distribution and photocurrent output is elaborated in this Chapter.  
 
Chapter 8 presents the general conclusions and future work. 
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2.1 Preparation of ferroelectric thin films 
2.1.1 Chemical solution deposition 
The sol-gel process is a wet-chemical technique for the fabrication of thin-film 
starting from a chemical solution containing colloidal precursors (sol), and then the 
sol evolves towards the formation of an inorganic network containing a liquid phase 
(gel). Sol-gel process can be used in ceramics manufacturing, as an investment casting 
material, or as a means of producing thin films of metal oxides for various purposes. 
The sol-gel process can fabricate thin films at low cost and low temperature, and it 
also allows the fine control on the chemical composition or even small quantities of 
dopants, e.g. organic dyes or rare earth metals can be introduced in the sol and end up 
finely dispersed in the thin film.  
 
The development of sol-gel process for ferroelectric perovskite thin films can be 
traced back to the mid 1980s. It was demonstrated that desirable properties of bulk 
perovskite materials can be obtained in the thin film form through sol-gel process [75, 
76]. The general principle involved in the sol-gel solution deposition of perovskite 
films is to prepare a homogeneous solution of the necessary cation species that may 
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later be applied to a substrate. The fabrication of thin films by this approach involves 
four basic steps:  
(i) synthesis of the precursor solution;  
(ii) solution deposition by spin-coating or dip-coating;  
(iii) low-temperature heat treatment for drying where drying processes usually 
depend on the solvent, pyrolysis of organic species (typically 300-400 °C), 
and formation of an amorphous film; 
(iv) high-temperature heat treatment for densification and crystallization of the 
coated film into the desired phase (600-1100 °C).  
For most solution deposition approaches, the final three steps are similar despite 
differences in the characteristics of the precursor solution, and for electronic devices, 
spin-coating has been extensively used. Depending on the solution route employed, 
different deposition and thermal processing conditions may be employed to control 
film densification and crystallization for the preparation of materials with optimized 
properties.  
 
In our research, we mainly fabricate perovskite PZT-based thin film materials, e.g. 
(Pb,La)(Zr,Ti)O3 or WO3-doped (Pb,La)(Zr,Ti)O3. The precursor solution is prepared 
by dissolving appropriate amounts of lead acetate trihydrate (Pb[CH3CO2]2·3H2O), 
lanthanum acetate hydrate ([CH3COO]3La·xH2O), zirconium acetylacetonate 
(Zr[CH3COCHCOCH3]4), and titanium isopropoxide (Ti[OCH(CH3)2]4) (if dopant is 
needed, tungsten ethoxide is also added) in the solvent 2-methoxyethanol (2-MOE). 
During thermal annealing at high temperature, PbO easily evaporates and results in Pb 
deficiency in the thin film [77, 78]. In order to compensate the Pb loss, additional 10 
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mol% Pb is usually incorporated into the precursor solutions [77-79]. In addition, 30 
wt.% of polyethylene glycol (PEG) is incorporated into the precursor solution to 
improve the perovskite phase formation and prevent crack during the coating-heating 
processes [80]. The precursor solution is eventually diluted with 2-MOE to the 
concentration 0.3 mol/L. Taking an example, one route to prepare the 0.5 mol% WO3-
doped (Pb0.97La0.03)(Zr0.53Ti0.48)O3 (PLWZT) precursor solution  is outlined in Fig. 2-1.  
 
Fig. 2-1. Flow chart for the preparation of the precursor solutions of 0.5 mol% WO3 
doped (Pb0.97La0.03)(Zr0.53Ti0.48)O3 thin films. 
 
2.1.2 DC/RF magnetron sputtering 
Sputtering is a method of depositing both thin metal films and insulators onto a 
substrate. In the sputter deposition, a target made of a material to be deposited is 
physically bombarded by a flux of inert gas ions (usually Ar) in a vacuum chamber. 
Atoms or molecules from the target are ejected and deposited onto the substrate.  
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Fig. 2-2. Illustration of DC sputtering system. Target (cathode) and substrate (anode) 
are placed on two parallel electrodes inside a chamber filled with inert gas (Ar) [81].  
 
As shown in Fig. 2-2, in the DC sputtering (suitable only for conducting materials), 
target and substrate are placed on two parallel electrodes inside a chamber filled with 
inert gas (Ar).  A DC voltage (~ kV) is applied between the anode and cathode, and 
free electrons are accelerated by the electric field. These energetic free electrons 
inelastically collide with Ar atoms, resulting in the ionization of Ar and plasma 
generation. This physical process is called “gas breakdown”. When the DC voltage 
across the chamber exceeds the breakdown potential, a self-sustaining glow discharge 
[82] occurs. It has been established that free Ar+ ions and electrons are attracted to 
opposite electrodes producing a discharge. The resulting positive Ar+ ion creates a 
positive space charge (Crookes dark space) [81] near the cathode (target), raising the 
potential of plasma near the cathode. The positive Ar+ ion density in the Crookes dark 
space is so high that a significant voltage drop is experienced across the dark space 
near the target. The strong electric field in the dark space accelerates the Ar+ ions 
toward the cathode (target), and the Ar+ ions bombard (sputter) the target. As a result, 
atoms are knocked out from the target and transport to the substrate to form the film. 
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In this physical process, the self-sustaining discharge requires regeneration of the 
electrons by the positive Ar+ ion bombardment of the target. This produces secondary 
electron emission from the target. These secondary electrons collide with Ar atoms 
again and consequently ionization is enhanced. 
 
DC sputtering cannot be used for depositing dielectric films because insulating 
cathode will cause charge build-up during Ar+ bombarding. The built-up charge will 
reduce the voltage between electrodes and thus discharge will distinguish. The 
solution for depositing dielectric films is to use Radio Frequency (RF) sputtering. 
When the high frequency (usually > 1 MHz) AC voltage is applied between 
electrodes, heavy Ar+ ions cannot follow the voltage switching, but electrons can still 
follow because of the small mass. In this case, the motion of Ar+ is dominated by the 
dark space electric field near the target or substrate. Similar to DC sputtering, Ar+ ions 
are accelerated by dark space field and then sputter the electrode; while the electrons 
follow the AC switching and neutralize the positive charge buildup on both electrodes. 
In the case of RF sputtering, there are two dark spaces and the sputtering occurs at 
both target and substrate at different cycles.  
    
Fig. 2-3. The magnetron sputtering system. Magnets are mounted behind the target 
with North pole in the central part and South pole in the outer ring. The magnetic field 
lines point from the North pole to the South pole [81]. 
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In both DC and RF sputtering, magnetron sputtering system is commonly used. This 
type of tool uses magnetic confinement of electrons in the plasma, which results in a 
higher plasma density [83-86]. The higher plasma density reduces the discharge 
impedance and results in a much higher-current, lower-voltage discharge. The 
electron confinement on a magnetron is due to the presence of orthogonal E and B 
fields at the cathode surface, as shown in Fig. 2-3. This results in a classic E × B drift 
for electrons (the Hall effect, where E is electric field and B is magnetic field), which 
gives rise to a sequence of cycloidal hopping steps parallel to the cathode face. As a 
result, the secondary electrons which are emitted from the cathode because of ion 
bombardment are confined to the near vicinity of the cathode. In a magnetron system, 
the electric field is always oriented normal to the surface of the cathode. The 
transverse magnetic field is configured so that the E × B drift paths form closed loops, 
in which the trapped, drifting electrons are constrained to circulate many times around 
the cathode face. 
 
Fig. 2-4. An unbalanced magnetron system, the outer magnet North poles are stronger 
than the inner magnet South poles therefore the field lines stretch further into the 
vacuum chamber [87]. 
 
In some cases, unbalanced magnetron system [88] is also used. An unbalanced 
magnetron usually possesses stronger magnets on the outside resulting in the 
expansion of the plasma away from the surface of the target towards the substrate, as 
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shown in Fig. 2-4. The effect of the unbalanced magnetic field is to trap fast moving 
secondary electrons that escape from the target surface. These electrons undergo 
ionizing collisions with neutral gas atoms away from the target surface and produce a 
greater number of ions and further electrons in the region of the substrate 
considerably increasing the substrate ion bombardment. 
 
In this research, we use RF sputtering to grow the epitaxial PLZT thin films. We also 
use DC sputtering to deposit the metal Au and/or the conductive oxide 
(La0.7Sr0.3)MnO3 (LSMO) as top electrodes. The sputtering conditions for PLZT, 
LSMO and Au are summarized in Table 2-1. 
Table 2-1 Sputtering conditions for PLZT thin film, LSMO electrode and Au 
electrodes. 
Target PLZT LSMO Au 




epitaxial PLZT film 
Sputtering power RF 200W DC 60W DC 200W 
Base pressure (Torr) ~10-7 ~10-7 ~10-7 
Working pressure (mTorr) 5 3.8 4 
Deposition temperature RT RT RT 
Sputtering gas Ar:O2=1:1 Ar:O2=1:1 Ar 
Post-annealing 700 ºC 700 ºC NA 
 
2.2 Structural and microscopic characterisations 
2.2.1 X-ray diffraction (XRD) 
X-ray crystallography is one of the most useful methods for exploring the nature of 
matter. X-ray diffractometry is used to determine the phase content in many minerals 
and materials. It is used as an adjunct to chemical analyses in the identification of 
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crystalline phases and the constituents of mixtures. X-Ray diffraction is based on the 
interaction between crystal structures of a material. In principle, XRD measures 
distances between crystal planes. For example, in a gonio scan (θ-2θ scan), a 
monochromatic X-ray beam (with wavelength λ) is incident on the sample surface 
with an angle θ as shown in Fig. 2-5. The X-ray beam scans the sample surface and 
the angle of incidence θ changes accordingly. When 2d (where d is the plane distance) 
equals nλ/sinθ, the Bragg condition nλ=2sinθ  is satisfied [89, 90]. In this case, the X-
ray beam with this particular wavelength λ scattered from different crystal planes in 
the sample will be in phase, and will constructively add to produce an intensity peak. 
The condition under which constructive interference occurs is depicted in Fig. 2-5. 
Material structure information can be obtained by the detection of these intensity 
peaks and analysis of the conditions under which they occur. In this gonio scan 
measurement, the detector and the sample surface are scanned relatively to the fixed 
source in a way that the surface normal always cuts the angle between the source-
sample and sample-detector in halve, i.e. if the sample rotates by θ, the detector has to 
do a 2θ step. The gonio scan measurement only shows the orientations with respect to 
the substrate normal, but does not give information about the in-plane orientation of 
the film.  
 
Fig. 2-5. XRD gonio scan measurements come down to measuring distances between 
planes with plane X-ray waves (wavelength of a few tenths of nanometer). When the 




Fig. 2-6. Illustration of XRD setup for φ-scan and pole-figure measurements. The X-
ray source and detector are fixed, and the sample rotates around φ angle from 0° to 
360° in both measurements. ψ is fixed in the φ-scan but rotates from 0° to 90° in the 
pole figure measurement. 
 
In order to examine the atomic planes which are not normal to the substrate, 
especially in the case of epitaxial or single crystal films, XRD φ-scan measurement is 
commonly used. In the φ-scan measurement of a certain atomic plane, the Bragg 
reflection is fixed by the 2θ angle between the detector and the source, as presented in 
Fig. 2-6. The angle ψ will be tilted and fixed at an angle equal to the angle between 
the examined atomic plane and the plane normal to the substrate, and then the sample 
is rotated around φ angle from 0° to 360°. Taking the tetragonal PZT unit cell for 
example, in the case of φ-scan for the (111) plane, ψ equals to the angle between 







⎛ ⎞⎜ ⎟⎜ ⎟= ⎛ ⎞⎜ ⎟× ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠       
(2.1) 
In this work, we deal with cubic and quasi cubic perovskite structures and the angle 
settings for XRD φ-scan are listed in Table 2-2. 
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Fig. 2-7. Illustration of the angle ψ between (100) plane and (111) plane in a 
tetragonal lattice. The in-plane and out-of-plane lattice parameter is a and c 
respectively. 
 
Table 2-2. Angle settings for XRD (111) plane φ-scan in cubic and quasi cubic 
perovskite crystals 
 




2θ (°) ω (°) ψ (°) 
PLZT Tetragonal a=4.06 c=4.10 38.1830 19.0915 54.6038 
LSMO Pseudo cubic a=3.873 40.2690 20.1345 54.7356 
STO and 
Nb:STO Cubic a=3.905 39.9900 19.9950 54.7356 
 
In a rocking curve measurement (ω-scan), the position of a certain existing 
constructive diffraction is fixed and the sample is rotated (”rocked”) around this 
position. In another word, as shown in Fig. 2-8, the magnitude and orientation of both 











over a very small angular range. The width of the acquired rocking curve is a measure 
of the tilting spread of the corresponding planes. This method was mainly used to 
characterise the perfection of epitaxial single crystalline materials. 
 
Fig. 2-8. Illustration of XRD rocking curve scan (ω-scan). ki and kf is the incident and 
diffracted x-ray vector respectively, and ∆k = ki - kf. The magnitude and orientation of 
both ki and kf are fixed, i.e. vary the orientation of ∆k relative to sample normal while 
maintaining its magnitude. The sample is rocked over a very small angular range 
during the ω-scan. 
 
The preferred orientation in a crystal is usually described in terms of pole figures. For 
a pole-figure measurement of a certain atomic plane, the Bragg reflection is fixed by 
the 2θ angle between the detector and the source, and the sample is rotated around φ 
and ψ, as presented in Fig. 2-6. Whenever the reciprocal vector of the investigated 
atomic plane points in the centre of the angle source-sample-detector, a constructive 
interference takes place and a peak can be seen. This measurement shows the in-plane 
relation of a film with the underlying substrate. The data are plotted in cylindrical 
coordinates with [radius, angle] = [φ, ψ].  
 
2.2.2 Field emission scanning electron microscope (SEM) 
SEM is a highly versatile instrument that is widely used for imaging and material 
characterisation. SEM offers the advantages of higher magnification, greater depth of 
focus and various modes of imaging [92]. The working principle of SEM is illustrated 
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schematically in Fig. 2-9. A primary electron beam generated from an electron gun is 
focused to a spot of 0.01~1 µm diameters by 2 to 3 lenses, and then scanned over the 
sample surface. Primary electrons striking the sample generate secondary electrons 
(SE), backscattered electrons (BSE) and other types of signals. SE and BSE are 
collected, amplified and detected with a scintillator-photomultiplier detector. These 
scattered signals are amplified and converted into electrical signals, and eventually 
sent to the cathode ray tube (CRT) display, which is used to control the intensity of 
the scanning spots to generate the on-screen image in synchronism. 
 
Interaction of the primary electron beam with the sample creates an excitation volume, 
in which electrons are scattered (elastic and inelastic scattering). The excitation 
volume and escape zone of various SEM signals are presented in Fig. 2-10. Various 
SEM signals and their applications are described as follows: 
 Inelastically scattered electrons lose much of their original energy and those with 
energies smaller than 50 eV are known as secondary electrons (SE). SE provides 
information on surface topography and is used to produce surface images. This is 
the most commonly used mode. Moreover, SE can be also used in voltage 
contrast and magnetic contrast imaging. 
 Backscattered electrons (BSE) in elastic collision lose only a small fraction of 
their original energy but undergo large-angle deflection. BSE provide information 
on topography and material (atomic number contrast imaging). 
 Auger electrons (AE) provide information on chemical composition of thin films 
and is used in surface analysis. 
 Characteristic X-rays provide information on chemical composition, and are used 
for energy/ wavelength dispersive X-ray (EDX/WDX) analysis. 
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Fig. 2-10. Excitation volume and escape zone of various SEM signals in a material 
surface struck by incident electron beam. 
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2.2.3 Atomic force microscope (AFM) 
AFM is a sort of scanning probe microscope. It operates by scanning tip attached to 
end of a cantilever across sample surface while monitoring the change in cantilever 
deflection with a spilt photodiode detector and a feedback loop [93], as presented in 
Fig. 2-11. When the tip is brought into proximity of a sample surface, forces between 
the tip and the sample lead to a deflection of the cantilever according to Hooke's law. 
The deflection is usually measured by a laser spot reflected from the top of the 
cantilever into an array of photodiodes.  
 
Fig. 2-11. Schematic diagram of AFM. 
 
AFM can be operated in static mode (contact mode) and dynamic mode (tapping 
mode and non-contact mode). In the static mode, the feedback loop maintains a 
constant force between the tip and the sample by adjusting the tip-to-sample distance, 
and the tip-to-sample distance at each (x,y) data point is stored by computer to form 
the topographic image of the sample surface. In the dynamic mode, the cantilever is 
externally oscillated at or close to its resonance frequency. The oscillation amplitude 
or resonance frequency can be modified by tip-sample interaction forces. Feedback 
loop maintains constant oscillation amplitude or frequency by vertically moving 
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scanner at each (x,y) data point until a ‘setpoint’ amplitude or frequency is reached. 
The vertical position of scanner at each (x,y) data point is stored by the computer to 
form the topographic image of the sample surface.  
 
2.3 Electric and photovoltaic property characterisations 
2.3.1 Dielectric property characterisation 




''i'r ωωεωεωε =−=       
(2.2) 
where εr* is the complex relative permittivity (also refers to as dielectric constant),  ε' 
and ε" are the real and imaginary part of relative dielectric constant respectively, C0 is 
the vacuum capacitance, Z* is the complex impedance, and ω is the angular frequency. 
The dielectric dissipation factor (or dielectric loss factor) tanδ, which quantifies the 





         
(2.3) 
where δ is the dielectric loss angle. For our ferroelectric thin film capacitor, the 
capacitance C and dielectric loss tanδ can be measured at different frequencies using 
the impedance analyser. In the ideal case, if not considering the effect from the low-
dielectric-constant interfacial layer between the ferroelectric and electrode, the 







=          
(2.4) 
where C is the measured capacitance, L is the film thickness, εr is the permittivity in 
the vacuum, and A is the area of the top electrode.  
 
If considering the effect from the low-dielectric-constant interfacial layer in 
ferroelectric sandwich capacitor, the measured capacitance C should be related to the 
capacitance of low-dielectric-constant interfacial layers (Clow) and that of a high-
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(2.5) 
where Lhigh and εhigh are the thickness and dielectric constant of the ferroelectric high-
dielectric-constant layer, respectively; Llow and εlow are those of the low-dielectric-
constant  layer. The ferroelectric film thickness is then 
high lowL L L= + .        
(2.6) 
According to Eq. (2.5), the reciprocal of the measured capacitance (1/C) should have 
linear dependence on the ferroelectric thickness L, and thus intrinsic ferroelectric εhigh 
can be calculated from the slope in the 1/C vs. L plot of experimental data. Usually,   
εhigh >> εlow is satisfied in PZT-based ferroelectric thin films. If the film is thick 
enough (L >> Llow), then Eq. (2.5) can reduce to Eq. (2.4). According the literature, 
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for PZT-based thin films with thickness below 100 nm, the dielectric constant of the 
films is affected by interfacial layers and Eq. (2.5) should be used for estimation [95]. 
For films thicker than that, interfacial effect can be ignored and Eq. (2.4) is applicable. 
 
In this work, dielectric constant and dielectric loss of the ferroelectric thin films were 
measured with an impedance analyser. Capacitance values were obtained from the 
impedance analyser between the top and bottom electrodes. The dielectric constant 
was calculated using Eq. (2.4). 
 
2.3.2 Four point probe technique 
The purpose of the four point probe is to measure the resistivity of samples by using 
the four point probe technique. The probe consists of four equally spaced tips. A high 
impedance current source is used to supply current through the outer two probes, and 
a voltmeter measures the voltage across the inner two probes, as presented in Fig. 
2-12. In the four point probe measurement, it is assumed that the metal tip is 
infinitesimal and samples are semi-infinite in lateral dimension. With the equal probe 
spacing s as shown in Fig. 2-12, the resistivity ρ of a thin film layer (film thickness H 
<< s) is given by 
2 Vs
I
ρ π=     
(2.7) 
However, the tested wafers are not necessarily semi-infinite in extent. Hence the 
equation above must be corrected for finite geometries [96-99]. For an arbitrarily-




ρ π=  
(2.8) 
where F is a correction factor that depends on sample geometry. Fig. 2-3 shows 
correction factors for different shapes of circle, square and rectangular. 
 
Fig. 2-12. Schematic of four point probe configuration. 
 
Table 2-3. Correction factor for measurement using four point probe technique. s is 
probe distance. d is diameter of the circle or the side of a rectangle which is 
perpendicular to the probe line. a refers to second edge of rectangle. 
 







1       0.9988 0.9994 
1.25       1.2467 1.2248 
1.5     1.4788 1.4893 1.4893 
1.75     1.7196 1.7238 1.7238 
2     1.9475 1.9475 1.9475 
2.5     2.3532 2.3541 2.3541 
3 2.2662 2.4575 2.7 2.7005 2.7005 
4 2.9289 3.1127 3.2246 3.2248 3.2248 
5 3.3625 3.5098 3.5749 3.575 3.575 
7.5 3.9273 4.0095 4.0361 4.0362 4.0362 
10 4.1716 4.2209 4.2357 4.2357 4.2357 
15 4.3646 4.3882 4.3947 4.3947 4.3947 
20 4.4364 4.4516 4.4553 4.4553 4.4553 
32 4.4791 4.4878 4.4899 4.4899 4.4899 
40 4.5076 4.512 4.5129 4.5129 4.5129 
infinity 4.5324 4.5324 4.5325 4.5325 4.5324 
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 In this work, the conductivity of samples was measured using a four-point testing 
system comprising a four-point stage, a digital multimeter (Keithley 2001), a 
programmable current source (Keithley 220) and a host computer with the testing 
software (KI2221). 
 
2.3.3 Hall effect measurement 
Hall effect was discovered in 1879 by Hall when investigating nature of force acting 
on a conductor carrying a current in a magnetic field. The basic physical principle 
underlying the Hall Effect is the Lorentz force. When an electron moves along a 
direction perpendicular to an applied magnetic field, it experiences a force acting 
normal to both directions and moves in response to this force and the force affected 
by the internal electric field. The experimental arrangement for the resistivity and Hall 
effect measurement using van der Pauw’s method is shown in Fig. 2-13 (a). The 
current source is applied to contacts 1,2 (I12) and the voltage measured across 4,3 
(V43). The current source is next applied to contacts 1,4 (I14) and voltage V23 
measured. The sheet resistivity is then given by 
43 23




π ⎡ ⎤= +⎢ ⎥⎣ ⎦          (Ohms/square), 
(2.9) 
where Q and F are the symmetry and correction factors, respectively. In the Hall 
effect measurement in Fig. 2-13 (b), a constant current I is injected at two non-
adjacent contacts and the difference in potential is measured across the remaining two 
  43
contacts (Hall voltage Vh) for a constant magnetic field B perpendicular to the sample 













μ = . 
(2.11) 
In this research, the Hall mobility of samples was measured with a Hall Effect 
measurement system (HL5500PC, BIO-RAD). 
1                   4
2                   3
I12 V43
1                   4
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V23
I14
1                   4









Fig. 2-13 Configuration of (a) resistivity and (b) Hall effect measurement. 
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2.3.4 Polarisation-electric field hysteresis loop characterisation 
Polarisation P can be defined as the ratio of the charge developed on a plate in each 
unit area 
2( / )QP C m
A
= ,        
(2.12) 
where Q is the charge developed on the plate and A is the area of the plate. The 
principle of the polarisation measurement is based on the classic Sawyer-Tower 
circuit [100, 101] as shown in Fig. 2-14, and the ferroelectric polarisation-voltage 
hysteresis loop is usually characterised by a standard ferroelectric tester. In the 
standard ferroelectric tester, it internally involves a signal generator, an oscilloscope 
and a reference capacitor, as presented in Fig. 2-14. In the hysteresis loop 
measurement, the voltage is cycled by the signal generator. Its direction is reversed at 
high frequency, and the voltage across the reference capacitor is measured. The 
charge on the capacitor must be the same as the charge over the ferroelectric capacitor, 
as they are in series. This means the charge on the ferroelectric can be found by   
Q CV=  
(2.13) 
where C is the capacitance of the reference capacitor, and V is the voltage measured 
over this capacitor. We can therefore represent the polarisation of the ferroelectric in 
an oscillating electric field, by plotting the voltage applied to the ferroelectric on the 
x-axis of the oscilloscope, and the surface charge on the y-axis. This can be done 
because the capacitance of the reference capacitor is much higher than the capacitance 
of the ferroelectric, so most of the voltage lies over the ferroelectric. It is only 
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possible to measure the polarisation P by cycling the polarisation through cycling the 
voltage across the ferroelectric. We cannot measure absolute values instantaneously, 
but can deduce absolute values from the changes measured when cycling the 
polarisation. In this research, the hysteresis loops were measured by a standard 







Fig. 2-14. Sawyer-Tower circuit for measurement of ferroelectric polarisation. The 
circuit includes an oscilloscope, a signal generator, a reference capacitor and the 
sample of ferroelectric capacitor. 
 
2.3.5 Photovoltaic property characterisation 
The photovoltaic measurement setup in this work is shown in Fig. 2-15. A UV lamp is 
used as the light source, and the UV light is selected through an optical filter with the 
centre wavelength at 365 nm. This wavelength corresponds to the band gap of PLZT 
(~ 3.5 eV) [102-105] and has been reported to yield the maximum photovoltaic 
outputs [106]. The sample is illuminated from the top by the incident UV light 
transmitted through the optical fibre. Two probes in touch with sample electrodes 
(cathode and anode) are connected to electrometer for photovoltaic measurement. The 
photovoltage is determined in an open circuit state, while the photocurrent is obtained 
in the short circuit state. The photocurrent, photovoltage and illuminated J-V curve 
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were measured using an electrometer (Keithley 6517A/6514) under different incident 
UV intensities. For our UV source (LC8, Hamamatsu, Japan), the UV light was 
transmitted from the UV lamp and through a light guide (optical fibre) to illuminate 
the sample. The UV intensity at the sample surface was measured by an optical power 




















3 Chapter 3   Photovoltaic characteristics in 






Photovoltaic effect has been reported in perovskite polycrystalline [61, 63] and 
epitaxial [59] PLZT thin films, which exhibits potential application values for optical 
sensing and actuation in micro-electromechanical systems (MEMS) [107]. The 
photovoltaic output in ferroelectrics depends on multiple factors, including incident 
light intensity [108], wavelength of incident light [109], polarisation [33], chemical 
composition [45], grain size [110], fabrication condition [44], electrode interface 
properties [63, 111], and sample thickness [51, 112]. In ferroelectric thin films, the 
ferroelectric-electrode interfacial regions occupy a considerable volume in the whole 
ferroelectric film, thus the photovoltaic output in the thin films is not only determined 
by the bulk film region, but also largely depends on the ferroelectric-electrode 
interfaces (e.g. Schottky barriers). Up to now, the effects of interfacial Schottky 
barrier and polarisation on the illuminated J-V curves are not well understood in 
electrodes-sandwiched ferroelectric thin films. There is no clear picture about the 
interface-Schottky-dependent photovoltaic outputs for the ferroelectric thin film 
sandwiched between different electrodes. In addition, the light-intensity dependence 
of photovoltaic efficiency in ferroelectric thin films has also not been reported so far. 
In this work, we systematically and comparatively studied the photovoltaic 
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characteristics including photovoltage, photocurrent, illuminated J-V curve and 
photovoltaic efficiency in both polycrystalline and epitaxial 
(Pb0.97La0.03)(Zr0.52,Ti0.48)O3 thin films sandwiched between different electrodes. The 
effects of the interfacial Schottky barrier, polarisation and light intensity on the 
photovoltaic outputs were examined. 
  
3.2 Experimental procedure 
Polycrystalline and epitaxial PLZT thin films were grown on Pt/Ti/SiO2/Si and single 
crystal Nb-doped SrTiO3 (Nb:STO) substrate respectively by a chemical solution 
deposition process. The PLZT precursor solution was obtained by dissolving lead 
acetate trihydrate (Pb[CH3CO2]2•3H2O), lanthanum acetate hydrate (La[CH3COO]3), 
zirconium acetylacetonate (Zr[C5H7O2]4) and titanium isopropoxide 
(Ti[OCH(CH3)2]4) in the solvent 2-methoxyethanol (2-MOE). Additional Pb was 
incorporated into the precursor solution to compensate lead loss during the subsequent 
thermal annealing at high temperature. The PLZT thin films were finally annealed at 
750 °C for 10 min in the air. The annealing temperature 750 °C is adequate to 
crystallize the PLZT into a perovskite structure. Higher temperature and/or long-time 
annealing may result in severe inter-diffusion at the substrate-ferroelectric interface, 
which is detrimental to the PLZT crystalline quality. Gold electrodes with a diameter 
of 1 mm were deposited on the top of the PLZT thin films by sputtering. With the top 
Au and bottom Pt electrode or conductive Nb:STO substrate, different sandwich 
electrode configurations were formed for the PLZT thin films. The conductive 
Nb:STO substrate was used for the epitaxial films as the template for the epitaxial 
growth due to its lattice match with PLZT. 
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The crystal structure of the chemical-solution-derived PLZT films was examined 
using a high resolution X-ray diffractometer (PANalytical X’Pert PRO XRD). The 
dielectric properties of the ferroelectric thin films were measured by an impedance 
analyser (HP 4194A). Ferroelectric polarisation-electric field (P-E) hysteresis loops 
were measured by a standard ferroelectric testing system (RT66A, Radiant 
Technologies). An electric source meter (Keithley 2400) was used for poling the 
PLZT films. The poling process was conducted by applying an external electric field 
(larger than the coercive field) to the PLZT films to force the alignment of the 
different domains, so that a remnant polarization can exist after removing the external 
poling field. A positively/negatively poled film exhibited a positive/negative remnant 
polarization according to direction of the poling voltage. For the photovoltaic testing, 
the sample was illuminated from the top by the incident UV light (SCI 200, Science 
Tech) with 365-nm filter, wherein the photon energy approximately corresponds to 
the material band gap 3.5 eV [54]. The UV light intensity at the sample surface was 
measured by an optical power meter (1830-C, Newport Corporation, CA, USA). The 
detailed photovoltaic experiment setup was described in Chapter 2. The photovoltage, 
photocurrent and illuminated J-V curve were measured using an electrometer 
(Keithley 6517A) at room temperature. 
 
3.3 Results and discussion 
3.3.1 Structural and ferroelectric properties  
The Gonio scan (θ-2θ) XRD patterns of the polycrystalline and epitaxial PLZT thin 
films with a thickness of 196 nm and 180 nm are presented in Fig. 3-1. It can be seen 
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that the chemical-solution-derived polycrystalline film exhibited random orientations 
while the epitaxial film only exhibited (h00) orientation. In the inset of Fig. 3-1 (b), 
the fourfold diffraction peaks in the PLZT (111)-plane pole figure confirm the cube-
on-cube epitaxial orientation relationship to the Nb:STO substrate. The polarisation-
electric field hysteresis loops for the polycrystalline and epitaxial films are presented 
in Fig. 3-2, whereas both films exhibit typical ferroelectric P-E hysteresis behaviour. 
The remnant polarisation is 15.1 µC/cm2 and 30.9 µC/cm2 respectively for the 
polycrystalline and epitaxial PLZT films.  






























































































Fig. 3-1. Gonio-scan XRD patterns of chemical-solution-derived (a) polycrystalline 
PLZT 3/52/48 film on Pt/Ti/SiO2/Si substrate and (b) epitaxial PLZT 3/52/48 film on 
Nb:STO substrate. The inset in (b) is the 3D (111)-plane pole figure of the epitaxial 
PLZT film. 


















































Fig. 3-2. Ferroelectric polarisation-electric field (P-E) hysteresis loops for the 
chemical-solution-derived (a) polycrystalline and (b) epitaxial PLZT thin films. 
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3.3.2 Characteristics of illuminated J-V curve and power conversion 
efficiency  
The illuminated J-V curves of polycrystalline and epitaxial PLZT thin films are 
presented in Fig. 3-3 (a) and Fig. 3-4 (a), respectively. The illuminated J-V curves 
were found to be approximately linear for different polarisation states (unpoled, 
positively poled, and negatively poled), which is quite consistent with the reported 
linearity in the literature [27, 74]. In the J-V curves, the intersection points with V-
axis (terminal voltage) and J-axis (photocurrent) stand for the open circuit 
photovoltage Voc and short circuit photocurrent Jsc, respectively. The light-to-
electricity power conversion efficiency can also be determined from the illuminated J-
V curves. The input power density Pin (mW/cm2) is the UV light intensity IUV 
(mW/cm2), and the photovoltaic output power density is Pout = JV (mW/cm2). 





η = = = . 
(3.1) 
Based on the illuminated J-V curve, the terminal voltage dependences of power 
conversion efficiency for polycrystalline and epitaxial PLZT thin films are presented 
in Fig. 3-3 (b) and Fig. 3-4 (b), respectively. It can be seen that the maximum power 
conversion efficiency ηmax occurred at about half of the open circuit photovoltage V ≈ 
0.5Voc, and the efficiency in epitaxial film in Fig. 3-4 (b) is much higher than that in 
polycrystalline film in Fig. 3-3 (b). In this work, the maximum efficiency obtained in 
our chemical-solution-derived PLZT epitaxial thin films is around ~ 0.01%, which 
has exceeded the efficiency in the polycrystalline films by two orders. 
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PLZT thickness: 196 nm





























PLZT thickness: 196 nm
























Fig. 3-3. Experimental results of (a) illuminated J-V curves and (b) corresponding 
terminal voltage dependence of light-to-electricity power conversion efficiency for a 
196-nm-thick polycrystalline PLZT thin film in different polarisation states. 
 
 
3.3.3 Effects of Schottky barrier and polarisation on photovoltaic 
responses 
It is noted that the photocurrents are always negative with smaller magnitude in the 
polycrystalline film in Fig. 3-3 (a), but always positive with larger magnitude in the 
epitaxial film in Fig. 3-4 (a), despite the different polarisation states (unpoled, 
positively or negatively poled). For both of the polycrystalline and epitaxial films, the 
J-V curve shifted upwards after positive poling and downwards after negative poling 
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in Fig. 3-3 (a) and Fig. 3-4 (a). Due to the shift of the J-V curves, the power 
conversion efficiencies in Fig. 3-3 (b) and Fig. 3-4 (b) increase and decrease 
respectively after poling. For the polycrystalline film, positive poling degraded the 
magnitude of photovoltage, photocurrent, and efficiency while negative poling 
enhanced them, as shown in Fig. 3-3 (a) and (b); In contrast, polarisation state has an 
adverse effect on the epitaxial film, as shown in Fig. 3-4 (a) and (b), wherein positive 
poling enhanced while negative poling degraded the magnitude of photovoltage, 
photocurrent, and efficiency. 








PLZT thickness: 180 nm 
























































PLZT thickness: 180 nm 
UV intensity: 0.26 mW/cm2 
 
Fig. 3-4. Experimental results of (a) illuminated J-V curves and (b) corresponding 
terminal voltage dependence of light-to-electricity power conversion efficiency for a 
180-nm-thick epitaxial PLZT thin film in different polarisation states. 
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For the unpoled PLZT films, the non-zero photovoltage and photocurrent at the J-V 
curve in Fig. 3-3 (a) and Fig. 3-4 (a) can be explained by the interfacial effect, and 
they should be induced by interface photovoltaic phenomenon [62, 111] (i.e. 
asymmetric interfacial Schottky barriers) with the assumption that remnant 
polarisation is approximately zero in the as-fabricated unpoled PLZT films [111]. 
According to the work functions of the top and bottom electrode materials and the 
electron affinity of PLZT, the theoretical values of Schottky barrier height at the 
ferroelectric top electrode (Au/PLZT) and bottom electrode (Pt/PLZT or 
Nb:STO/PLZT) interfaces were calculated, as shown in Table 3-1. In this case, the 
internal net potential in the unpoled ferroelectric thin film capacitor should be the top 
and bottom Schottky barrier difference. As listed in Table 3-1, the theoretically 
calculated value of internal net potential is ∆φB_Au/PLZT/Pt = –0.6 eV for the 
polycrystalline Au/PLZT/Pt capacitor and is ∆φB_Au/PLZT/Nb:STO = 0.6 eV for the 
epitaxial Au/PLZT/Nb:STO capacitor, respectively. However, the magnitude of real 
internal net potential is usually lower than the theoretical value, because the Schottky 
barriers may be lowered by the surface states that were created during the fabrication 
processes [102, 113]. This barrier-lowering-effect is usually more severe in 
polycrystalline interface than the epitaxial interface. Our experimental results 
confirmed that the net potential in the polycrystalline Au/PLZT/Pt film is around –
0.37 eV [114], which is much lower than the theoretical value in Table 3-1. The 
interfacial defect states at the epitaxial PLZT/Nb:STO interface should be much lower 
than that at the polycrystalline PLZT/Pt interface, because of the structural match 
between the PLZT and Nb:STO. In contrast, for polycrystalline PLZT film, the 
sudden termination of the continuous PLZT polycrystalline lattice at the PLZT/Pt 
interface inevitably created many defects including dangling bonds. Consequently, the 
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interfacial-defect-induced barrier-lowering-effect should be more severe at the 
PLZT/Pt interface than the PLZT/Nb:STO interface, and hence the observed Voc in the 
unpoled film in Fig. 3-4 is more close to the calculated ∆φB  in Table 3-1 for the 
epitaxial Au/PLZT/Nb:STO capacitor. This can also explain why the unpoled 
polycrystalline film exhibited smaller negative photovoltage in Fig. 3-3 (a) while the 
unpoled epitaxial film exhibited larger positive photovoltage in Fig. 3-4 (a) at the 
same illumination condition and with similar film thickness. The corresponding 
power conversion efficiency in the unpoled film is also significantly higher in the 
epitaxial film in Fig. 3-4 (b) than in the polycrystalline film in Fig. 3-3 (b). 
 
Table 3-1. Work function and interfacial Schottky barrier data of the polycrystalline 










electrode φAu= 4.7 eV φAu= 4.7 eV Work 
function Bottom 
electrode φPt= 5.3 eV 
φNb:STO= 4.1~4.2 eV  
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PLZT electron affinity χPLZT=3.5±0.2 eV χPLZT=3.5±0.2 eV 
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interface 
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φPt – χPLZT 
1.8 eV 
φNb:STO – χPLZT 
0.6 eV 
Top and bottom barrier 
difference 
∆φB_Au/PLZT/Pt 








For the photovoltaic responses in the films after poling, the net changes of 
photovoltage and photocurrent with respect to the unpoled films are largely 
determined by the structure and ferroelectric polarisation. It is observed that the net 
changes of the photovoltage, photocurrent and photovoltaic efficiency are larger in the 
epitaxial film in Fig. 3-4 (a) and Fig. 3-4 (b) than in the polycrystalline film in Fig. 
3-3 (a) and Fig. 3-3 (b). The larger change in the photovoltaic output after poling in 
the epitaxial films is believed due to its improved crystalline structure and larger 
internal depolarisation field due to the large remnant polarisation. It is believed that 
the improved crystalline structure improved the lifetime of the photo-induced charge 
carriers and the larger depolarisation field could separate the electron and holes more 
effectively to enhance the photovoltaic output.   
 
3.3.4 Effect of incident UV intensity on the photovoltaic responses 
The illuminated J-V curves under different incident UV light intensities for a 
positively poled 45-nm-thick epitaxial PLZT thin film on Nb:STO are shown in Fig. 
3-5 (a). It can be seen that the short circuit photocurrent Jsc (the intersection point with 
J-axis in the J-V curve) increases with the increase of the incident UV intensity. 
Based on the measured illuminated J-V curves in Fig. 3-5 (a), incident light-intensity 
dependence of Jsc for the positively poled epitaxial PLZT thin film is summarized in 
Fig. 3-5 (b), which shows that Jsc has a linear relationship with incident UV intensity. 
In contrast to the photocurrent, the open circuit photovoltage Voc in Fig. 3-5 (a) (the 
intersection point with V-axis in the J-V curve) almost keeps constant at different UV 
intensities. It is well known that open circuit photovoltage in ferroelectrics usually 
increases with the increase of incident UV intensity and then saturates to a constant 
value at higher intensities. In our case, the incident UV intensity is probably in the 
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saturation range due to the small film thickness, so the observed photovoltage almost 
kept constant in our measurement. Furthermore, the corresponding light-intensity 
dependence of maximum power conversion efficiency is shown in Fig. 3-5 (c). It can 
be seen that the maximum efficiency increased reciprocally with the decrease of 
incident light intensity. The possible reason is that there is substantial current 
constituent existing in the thin film samples that is not significantly dependant on the 
UV intensity, resulting in the drop of power conversion efficiency at higher UV 
intensities.  
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Fig. 3-5. (a) Illuminated J-V curves of a positively poled 45-nm-thick epitaxial PLZT 
thin film on Nb:STO under different incident UV intensities; (b) Light-intensity 
dependence of short circuit photocurrent; (c) Light-intensity dependence of maximum 
light-to-electricity conversion efficiency. 
  58
3.4 Conclusion 
In summary, photovoltaic responses including photovoltage, photocurrent, illuminated 
J-V curve and light-to-electricity power conversion efficiency, were investigated in 
the chemical-solution-derived polycrystalline and epitaxial PLZT thin films 
sandwiched between different metal and oxide electrodes. The epitaxial PLZT films 
with Au/PLZT/Nb:STO structure exhibited significantly larger photovoltaic outputs 
over the randomly oriented polycrystalline PLZT films with Au/PLZT/Pt structure. It 
is believed that the high crystalline quality with reduced defects and enhanced 
polarisation contributed to the larger photovoltaic responses in the epitaxial PLZT. 
The illuminated J-V curves were approximately linear for both epitaxial and 
polycrystalline PLZT films. The non-zero photovoltaic outputs observed in the 
unpoled films were mainly induced by asymmetric interfacial Schottky barriers. The 
J-V curve shifted towards positive voltage direction after positive poling and towards 
negative voltage direction after negative poling in both polycrystalline and epitaxial 
films. The shift of the J-V curve after poling resulted in either increase or decrease of 
photovoltaic efficiency, whereas the enhancement of efficiency only occurred when 
the polarisation direction accords with the direction of Schottky potential difference 
of the two electrode interfaces. In addition, at a fixed thickness, the efficiency was 
found to increase reciprocally with the decrease in incident UV intensity, probably 
due to the current constituent existing in the thin film samples that is not significantly 
dependant on the UV intensity. The systematic study on the photovoltaic outputs in 
this work has clarified many complex effects which are critical for the future device 
applications based on the photovoltaics in ferroelectric thin films.  
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4 Chapter 4   Thickness effects on photocurrent in PLZT 




4.1 Introduction  
Among all the ferroelectric materials, perovskite (Pb,La)(Zr,Ti)O3 (PLZT) is one of 
the most promising candidates for ferroelectric-based photovoltaic applications, and 
attracts a lot of research interest. Various factors that may affect the photovoltaic 
output have been extensively investigated (as stated in the literature review in Chapter 
1), but very limited studies were on the thickness dependence of photocurrent for 
PLZT materials. As one of the basic and important photovoltaic outputs, photocurrent 
in ferroelectrics can well indicate the charge generation under illumination. It has a 
fast response speed and a linear relationship with incident light intensity in contrast to 
the slow and nonlinear photovoltage response [33]. Therefore, photocurrent is a very 
important parameter for optical detection. The investigation on the thickness effect on 
photocurrent in bulk PLZT materials has led to a model describing the thickness 
dependence of photocurrent, in which the photocurrent increases with the decrease in 
the thickness of the bulk ceramic, and a peak photocurrent value exists at an optimum 
thickness around 33 μm. The photocurrent drops with further reducing the bulk 
thickness below 33 μm [51]. In the previous study, with the ferroelectric polarisation 
perpendicular to illumination direction, the bulk sample was treated as many parallel-
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connected slides of constant current sources, where each current source provided the 
current J = καI (Glass law, see section 1.2.2 in Chapter 1), but without analyzing the 
photovoltaic mechanism such as the carrier generation, distribution, and transport in 
the ferroelectric material.  
 
However, in the case of thin film sandwich capacitor configuration, it becomes 
difficult to illuminate the sample from the side due to the small thickness. When the 
thin film sample is illuminated from the top electrode, the illumination direction is 
parallel or antiparallel to the polarisation direction and the previous model is not 
applicable to such thin film configuration anymore. Therefore, it is necessary to 
develop a theoretical model for the description of thickness-dependent photocurrent 
for the sandwich ferroelectric thin film configuration.  
 
In the present work, a theoretical model starting from current continuity equation and 
considering the generation and distribution of photo-induced charge carriers has been 
developed to explain our observed photocurrent in PLZT thin films of different 
thicknesses. Both the theoretical model and experimental results showed that the 
photocurrent increases exponentially with the decrease in the thickness of the 
ferroelectric thin films.  
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4.2 Experimental procedure 
Polycrystalline PLZT thin films were prepared on Pt/Ti/SiO2/Si substrates through a 
sol-gel process. The precursor solution was obtained by dissolving appropriate 
amount of lead acetate trihydrate, lanthanum acetate hydrate, zirconium 
acetylacetonate, titanium isopropoxide in the solvent 2-methoxyethanol (2-MOE) [55]. 
Platinum-coated silicon wafers were used as the substrates. The PLZT films were 
crystallized by thermal annealing at 700 °C. Different film thicknesses were obtained 
by controlling the number of multiple coating-heating cycles, and finally measured by 
cross-sectional examination using a field emission scanning electron microscope (FE-
SEM, JSM-6700F). For the electrical characterisation, round gold top electrodes with 
diameter of 1 mm were deposited on the PLZT films by magnetron sputtering. A 
small area of the PLZT films was etched away for the exposure of Pt bottom 
electrodes. In this case, the PLZT thin film was sandwiched between top Au and 
bottom Pt electrodes. 
 
The crystal structure of the PLZT thin film was examined using x-ray diffractometer 
(D8-Advance, Bruker AXS GmbH, Karlsruhe, Germany). The dielectric constant (ε) 
and dissipation factor (D) of the Au/PLZT/Pt thin film capacitor were measured using 
an impedance analyser (HP 4194A). The polarisation-electric field (P-E) hysteresis 
loop was measured by a standard ferroelectric testing unit RT66A (Radiant 
Technologies) system. Before photovoltaic measurement, the films were poled at 
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room temperature by a source meter (Keithley 2400). The photovoltaic testing setup is 
shown in Chapter 2. A Mercury-Xenon lamp (SCI 200, Science Tech, Ontario, 
Canada) was used as the UV source. The samples were illuminated from the top by 
the incident UV light selected through an optical bandpass filter (Andover 
Corporation, USA) with the centre wavelength of 365 nm and bandwidth of 10 nm, 
wherein the photon energy approximately corresponds to the material band gap 3.5 
eV. The UV light intensity at the sample surface was measured by an optical power 
meter (1830-C, Newport Corporation, CA, USA). The PLZT thin films sandwiched 
between the top and bottom electrodes were fixed at an optical stage and illuminated 
from the top by the incident UV light. The short circuit photocurrent was measured 
with an electrometer (Keithley 6514) at room temperature.  
 
4.3 Measurement results 
The XRD gonio scan (θ-2θ scan) pattern of the PLZT thin film is shown in Fig. 4-1. 
Multiple plane peaks including (100), (110), (111), (200), (210) and (211) were 
observed in the XRD pattern, and it can be seen that the PLZT film grown on 
Pt/Ti/SiO2/Si substrate formed polycrystalline perovskite structure. The frequency-
dependent dielectric constant εr and dielectric loss tgδ of our sol-gel derived PLZT 
thin film is presented in Fig. 4-2. The εr is around 1500 and the tgδ is around 0.05 in 
the low frequency range below 1 kHz. The dielectric constant is fairly high and the 
loss is quite low, showing the satisfactory dielectric property of the PLZT thin film. 
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The polarisation-electric field (P-E) hysteresis loop of the PLZT thin films are 
presented in Fig. 4-3, exhibiting a remnant polarisation Pr and coercive field Ec of 
~18 μC/cm2 and 23.7 kV/cm.  
























































Fig. 4-1. XRD gonio scan (θ-2θ scan) pattern of the sol-gel-derived Au/PLZT/Pt thin 
film annealed at 700 °C for 10 min. 


































Fig. 4-2. Dielectric constant and dielectric loss of a sol-gel-derived polycrystalline 
Au/PLZT/Pt thin film annealed at 700 °C for 10 min. 
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Pr = 18.6 μC/cm2
Ec = 23.7 kV/cm
 
Fig. 4-3. P-E hysteresis loop of a sol-gel-derived polycrystalline Au/PLZT/Pt thin 
film annealed at 700°C for 10 min. 
 
The short circuit photocurrent measured at different UV power densities for the 
polycrystalline Au/PLZT/Pt thin film is presented in Fig. 4-4. Short circuit 
photocurrent was found to be proportional to light intensity, which is consistent with 
Glass law, and increase remarkably with the decrease in film thickness.  



























Incident light intensity (mW/cm2)  
Fig. 4-4. Experimental results of short circuit photocurrent vs. light intensity for sol-
gel derived polycrystalline Au/PLZT/Pt films with different thicknesses (0.26, 0.54, 
1.05, and 1.50 μm, respectively). Short circuit photocurrent was found to be linear 
with the incident light intensity for each different film thickness. 
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4.4 Theoretical model 
Up to now, the mechanism of the photovoltaic effect in a ferroelectric material 
illuminated with uniform light having a wavelength corresponding to its absorption 
edge is not fully understood. However, currently, a widely accepted explanation is the 
separation of photo-induced charge carriers under the internal polarisation field in the 
ferroelectric material. In the dark, a ferroelectric film behaves as an insulator [116], 
and there are very few free charge carriers in the film; while under illumination, 
electron-hole pairs are generated by photon absorption. At the same time, the internal 
polarisation provides an electric field which drives the photo-injected free carriers to 
move along the polarisation direction (x direction), as shown in Fig. 4-5, thus 
photocurrent appears in the external circuit connection.  
 
In the one dimensional model for our Au/PLZT/Pt capacitor in Fig. 4-5, we assume 
that there is a uniform internal electric field in the PLZT film without considering the 
effects of space and surface charges, size effects, and Schottky barriers at the metal-
PLZT interfaces. As shown in Fig. 4-5, the PLZT film, with thickness L and internal 
field E, is illuminated from the top and along the thickness direction (x). The photo-
induced charge carriers move under the internal field, and give rise to current in the 
external short circuit case.  
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Fig. 4-5. The structure of the PLZT thin film sandwiched between the top and bottom 
electrodes and the mechanism of the photocurrent generation. 
 













dp −+−= 1 , 
(4.2) 
where t is time, q is electron charge, x is the depth from the film top surface, Jn and Jp 
are the electron and hole current densities, G is the electron-hole pair generation rate 
(sec-1cm-3), and Rn and Rp are the electron and hole recombination rates (sec-1cm-3), n 
and p (where n = ni+Δn, and p = pi+Δp) are the electron and hole concentrations (m-
3) under illumination. For PLZT under the UV illumination, it is in the case of high-
level injection, and photo-injected carrier concentrations are much higher than the 
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intrinsic carrier concentrations (Δn>>ni, Δp>>pi), so the carrier concentrations under 
illumination n and p are mainly contributed by photo-injected components Δn and Δp. 
The electron and hole current densities (Jn and Jp) consist of two components, namely, 
the drift and diffusion currents. These two currents (Jn and Jp), each comprising the 
drift component and the diffusion component, are given by [40]  
n n n
dnJ q nE qD
dx
μ= + , 
(4.3) 
p p p
dpJ q pE qD
dx
μ= − , 
(4.4) 
where E is the internal electric field, μn and μp are electron and hole mobilities, and Dn 
and Dp are electron and hole diffusion coefficients. The total current density J is equal 
to the sum of electron and hole current densities. By substituting Eq. (4.3) and Eq.  
(4.4) into Eq. (4.1) and Eq. (4.2), we have the current continuity equations for 
electrons and holes with Einstein relationship (qD=μkT, where k is Boltzmann 





kTdn dn d nE G R
dt dx q dx






kTdp dp d pE G R
dt dx q dx
μμ= − + + − . 
(4.6) 
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If it is assumed that the thermal-induced carriers are negligible compared with photo-
induced carriers when photons with energy hν = Eg (corresponding to λ = 365 nm) 
impinge upon the sample, the generation rate of electron-hole pairs as a function of 
the distance x from the top surface is given by [40, 117, 118] 
x
Au eTxG
αβαϕ −=)( , 
(4.7) 
where α (cm-1) is the optical absorption coefficient, φ (photons/cm2/s) is the incident 
photon flux density per second, and β (0<β<1) is the quantum efficiency which 
expresses the number of electron-hole pairs that per photon can produce [117], and 
TAu is the transmittance for the top gold electrode. The rates of recombination R for 
electrons and holes are [40] 
/n nR n τ= , 
(4.8) 
/p pR p τ= , 
(4.9) 
where τn and τp are electron and hole lifetimes, respectively. At steady state dn/dt = 0 
and dp/dt = 0, the spatial distribution of the electron and hole densities can be 
obtained by solving the steady-state continuity equations given by substituting Eq. 
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kTdp d p dp pE T e
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αμ μ βαϕ τ
−= − + − = . 
(4.11) 
Strictly speaking, carrier lifetime is different at different depths, but as a matter of fact, 
they do not vary very much from one depth to another [40]. One can assume that 
carrier lifetimes (τn and τp) are independent of depth x. For our PLZT thin films, the 
high injection condition (Δn = Δp>>ni) is satisfied at any depth x. As a result, Fermi 
level should be near the middle of bandgap, and the excess carrier lifetime at high-
level injection becomes independent of the injection [40].  
 
Under this assumption, the solutions for the Eq. (4.10) and Eq. (4.11) give the spatial 























''exp)( 43 , 
(4.13) 
where A, B, C, A’, B’, C’, Fn, and Fp can be expressed as some PLZT thin film 
parameters 
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n nA qE τ μ= − , 
24 n nB q kT qE τ μ= + , 
nnkTC μτ2= , 
' p pA qE τ μ= − , 
2' 4 p pB q kT qE τ μ= + ,  
ppkTC μτ2'= , 













ατ μ α= − + , 
and C1, C2, C3, C4 are constants. The derivatives of n(x) and p(x) in Eq. (4.12) and Eq. 












































By substituting n(x), p(x), dn(x)/dx and dp(x)/dx into Eq. (4.3) and Eq. (4.4), we have 
the electron and hole current densities: 
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When the system reaches a steady state, the current density should be the same at each 
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(4.20) 
where Jsc is the short circuit photocurrent density. A, B, C, A’, B’ and C’ can be 
calculated from the parameters listed in Table 4-1. We need to determine the values of 
C1, C3, C4 and β in Eq. (4.20) (C2 is a function of C1, C3, and C4) by curve fitting 
process from the experimental results. The fitting results of the charge carrier 
concentrations and thickness dependence of the photocurrent at different light 
intensities for the polycrystalline Au/PLZT/Pt films are presented in Fig. 4-6 and Fig. 
4-7, respectively. The quantum efficiency β, the constants C1 and C3 obtained from 
fitting process are listed in Table 4-2 (the value of C4 is zero for all light intensity). It 
is needed to point out that this model developed here is also valid for the photocurrent 
in the epitaxial films, and the fitting curve for the photocurrent in the sol-gel-derived 
epitaxial Au/PLZT/Nb:STO thin films is shown in Fig. 4-8. 
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Fig. 4-6. In short circuit steady state, electron and hole concentrations along depth in 
the polycrystalline Au/PLZT/Pt film under different light intensities. 
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Fig. 4-7. Experimental data and fitting curves for thickness dependence of short 
circuit photocurrent under different light intensities for the polycrystalline 




Table 4-1 Parameters used for curve fitting of polycrystalline Au/PLZT/Pt thin film. 
 
Top electrode area Electron mobility Hole mobility Internal electric field 
 A0 (mm2) μn (cm2/Vs) μp (cm2/Vs) E (V/m) 
0.785 3     [119] 2.93×10-6    [120] 1.35×107 
Temperature Absorption coefficient Electron lifetime Hole lifetime 
T (K) α (cm-1) τn (ps) τp (ps) 
300 2×104   [121-124] 200  [125] 200  [125] 
Top gold transmittance Electron charge Boltzmann constant  
TAu q (C) k (J/K)   
30%  [126]  1.6×10-19  1.38×10-23   
Table 4-2 Parameters obtained from the curve fitting for the photocurrent in PLZT 





efficiency β C1 C3 
0.60 1.06×10-3 4.2×10-2 4.2×10-2 
0.40 1.06×10-3 2.7×10-2 2.7×10-2 
0.22 1.06×10-3 1.4×10-2 1.4×10-2 
 































Fig. 4-8. Experimental and simulation results of the thickness dependence of short 
circuit photocurrent Jsc epitaxial Au/PLZT/Nb:STO thin films (the epitaxial film was 
prepared using chemical solution deposition as described in Chapter 3). 
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4.5 Discussion 
From the calculated carrier concentration distribution in Fig. 4-6, the excess carrier 
concentrations at any depth are in the range of 1010~1013 m-3 and it is much higher 
than intrinsic concentration in PLZT. This confirms that it meets the high excess 
carrier injection condition, i.e. Δn = Δp >> ni. The quantum efficiency β obtained 
from the curve fitting is 1.06×10-3 which is comparable in the order of magnitude with 
the quantum efficiency value (β ≈ 2×10-4) [24] of PLZT ceramics predicted by 
Houlier earlier. 
 
4.5.1 Thickness-dependent photocurrent 
The first four terms of Eq. (4.20) correspond to the dark current, while the last term of 
Eq. (4.20) corresponds to the photo-induced current. According to our fitting results, 
the first four terms (dark current) are negligible compared to the last term (photo-
induced current), and the last term of Eq. (4.20) is the only dominant component in 
short circuit current. Moreover, on the basis of the mobility data as listed in Table 4-1, 
we can see that μn>>μp, thereby the photocurrent is mainly contributed by electrons, 
and the hole component in the last term of Eq. (4.20) is negligible, so the current can 
be finally reduced to 














Eq. (4.21) shows that larger internal field E and larger electron lifetime-mobility-
product τnμn can give larger photocurrent, indicating the critical effect of the carrier 
drift length Ld (Ld = τnμnE). To clearly show the effect of the carrier drift length, we 
can express photocurrent as a function of electron drift length Ld 










This result suggests that larger drift length Ld should lead to larger photocurrent. 
Using the data in Table 4-1, the estimated drift length of electrons in the PLZT thin 
films is about 0.81 μm, and our sample thickness (0.26-1.5 μm) is comparable with 
the carrier drift length. Both theoretical model and experimental results reveal that 
photocurrent increases exponentially with the decrease in film thickness when the size 
effect of ferroelectricity is not taken into account. Therefore, significantly enhanced 
photocurrent can be expected in thinner ferroelectric thin films.  
 
4.5.2 The effect of thickness-dependent depolarisation field on 
photocurrent 
According to Mehta’s theory of depolarisation field [69], the electric field in the 
ferroelectric film can be expressed as 
0
(2 ) /
/ (2 ) /
r r




ε ε ε ε= + , 
(4.23) 
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where ls is screening length, εe is the dielectric constant of the electrode metal. The 
assumption in Mehta’s model is that the film is a uniformly-poled perfect dielectric 
and that the polarisation charge is only localized at the metal-film interface. Interface 
states and space charge are not considered. In this case, the electric field in 
ferroelectrics decreases with the increase of film thickness. When the film thickness 
becomes larger (H →∞), the internal electric field becomes weaker; on the contrary, 
when thickness becomes small (H→0), the internal electric field becomes larger and 
gets close to a constant E→Pr/(ε0εr). It indicates that the electric field vanishes in 
thick film or bulk ceramics in ferroelectrics, and that the electric filed almost equals to 
Pr/(ε0εr) in ferroelectric thin films with very small thickness. Taking into account the 
thickness-dependent depolarisation field (substituting Eq. (4.23) into Eq. (4.21) for 
curve fitting), the thickness-dependent photocurrent with consideration of 
depolarisation effect is shown in the Fig. 4-9.    












































Fig. 4-9. Fitting curves of thickness-dependent photocurrent in PLZT thin films in 
consideration of a constant depolarisation field and a thickness-dependant 
depolarisation field in Eq. (4.23). 
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4.5.3 The effects of internal field and polarisation on photocurrent 
In another perspective, based on Eq. (4.21) without considering the size effect, the 
plot of photocurrent Isc vs. internal field E at a fixed thickness L shows how internal 
field affects photocurrent in Fig. 4-10. Accordingly, the effect of remnant polarisation 
Pr (Pr = ε0εrE) on photocurrent is also illustrated in Fig. 4-11. It can be seen that 
photocurrent increases with the increase of internal field E and remnant polarisation 
Pr, but tends to saturate when E and Pr become larger. Also, photocurrent decreases 
with smaller E or Pr, particularly when  





r αεε =0 , 
(4.25) 
photocurrent is zero, corresponding to the points of intersection in Fig. 4-10 and Fig. 
4-11. It is notable that at zero field E = 0 (or zero polarisation Pr = 0), there still exists 
a tiny current in the opposite direction under illumination. This current becomes 
higher for thinner films, as shown in the inset figures in Fig. 4-10 and Fig. 4-11. If the 
internal field is zero E = 0 (or Pr = 0), Eq. (4.21) reduces to 
( )20 2 exp1Au n nsc n n
A T q DI L
D
βϕ α τ ατ α≈ −−  
(4.26) 
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Apparently, at E = 0 (or Pr = 0), the tiny photocurrent in the opposite direction is 
wholly induced by the diffusion component because Eq. (4.26) is associated with 
diffusion coefficient Dn without the drift component. Since drift current has a close 
relationship with internal field E, a stronger field induces larger drift current. In Eq. 
(4.21), when qE > αkT, drift current is dominant, and the direction of total 
photocurrent Isc is the same as the field E (in Fig. 4-10 and Fig. 4-11); on the contrary, 
when the field E is low enough (qE < αkT, E < 56.9 kV/m in Fig. 4-10 and Pr < 0.076 
μC/cm2 in Fig. 4-11), the diffusion current becomes dominant, so total current Isc is in 
the opposite direction. At the equilibrium point qE = αkT, drift and diffusion currents 
are equal, so the total current is zero (intersection points in Fig. 4-10 and Fig. 4-11). 
Normally, the PLZT thin films have much larger remnant polarisation Pr and internal 
field E after poling.  



































Fig. 4-10. The relationship between short circuit photocurrent and internal electric 
field at different film thicknesses under UV illumination (0.60 mW/cm2) predicted by 
Eq. (4.21). The data used are listed in Table 4-1 and Table 4-2. The inset figure is the 
enlarged part of the curves at very low field region. 
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Fig. 4-11. The relationship between short circuit photocurrent and remnant 
polarisation at different film thicknesses under UV illumination (0.60 mW/cm2) 
predicted by Eq. (4.21). The data used are listed in Table 4-1 and Table 4-2. The inset 
figure is the enlarged part of the curves in very low polarisation region.  
 
4.6 Conclusion 
Thickness dependence of photocurrent in PLZT thin films was investigated through 
both theoretical and experimental approaches. By assuming a uniform internal electric 
field across the PLZT thin film without considering the effects of space and surface 
charges, Schottky barriers and the small size effect of ferroelectricity, the following 
relationship between the short circuit photocurrent and film parameters including the 















This model reveals that photocurrent increases with the increase of internal electric 
field or remnant polarisation. A small diffusion current in the opposite direction is 
predicted at very low field or polarisation region. The photocurrent increases 
exponentially with the decrease in film thickness, which was also supported by the 
experimental results. This model describes the relationship between photocurrent and 
thickness for ferroelectric thin films, and provides a guideline for photovoltaic device 
design on the basis of ferroelectric polarisation.  
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5 Chapter 5   Improved photovoltaic efficiency in nano-





It is known that for the conventional interface-based photovoltaic effect in 
semiconductors (p-n junction or Schottky junction), the internal electric field only 
exists in a very thin depletion layer at the interface, so that the photo-generated charge 
carriers swept out of the depletion layer have to diffuse to the cathode or anode. Thus 
the charge transportation is often limited by diffusion in the interface-based 
photovoltaics, and the open circuit photovoltage cannot exceed the energy barrier 
height of the junction, which is usually lower than 1 volt. In contrast, for the 
ferroelectric bulk-based photovoltaic effect (see section 1.2.1 in Chapter 1), the 
remnant polarisation and the polarisation-induced internal electric field exist over the 
whole bulk region of the ferroelectric rather than a thin interfacial layer, as shown in 
Fig. 5-1. In this case, the charge transportation is not limited by diffusion, and the 
output photovoltage is not limited by any energy barrier. For example, by poling a 
ferroelectric thin film in the plane of the surface to break the constraint of the small 
thickness, a large photovoltage of 7.0 V was demonstrated in ferroelectric thin films 
[54]. However, the previously obtained efficiency of photovoltaic effect in 
ferroelectrics is very low, typically in the order of 10-7~10-5. Theoretical analysis 
usually also indicates that the efficiency is in the range of 10-6~10-4 due to the short 
lifetime of photo-induced charge carriers [38]. In the present work, for the first time, 
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we demonstrated an unprecedented high photovoltaic efficiency in nano-scaled 
epitaxial perovskite thin films, and our theoretical analysis further predicts that 
extremely high photovoltaic efficiency may exist in ferroelectric ultrathin films. 
 
Fig. 5-1. Schematic illustration of physical mechanism of photovoltaic effect in a 
ferroelectric. 
 
5.2 Experimental procedure 
(Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLZT) ferroelectric thin films were prepared using two 
methods – chemical deposition (sol-gel process) and physical deposition (RF 
sputtering). Through the sol-gel process, polycrystalline and epitaxial 
(Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLZT) ferroelectric thin films were prepared on 
Pt/Ti/SiO2/Si and single crystal Nb-doped SrTiO3 (Nb:STO) substrates, respectively. 
The experimental procedure was described in Chapter 3. 
 
In another way, epitaxial (Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLZT) ferroelectric thin films 
were grown on Nb-doped SrTiO3 (Nb:STO) single crystal substrates by RF sputtering 
at 200 W with gas ratio of Ar:O2=50:50 and working pressure of 5 mTorr. The 
sputtered PLZT thin films were subsequently annealed at 700 °C. La0.7Sr0.3MnO3 
(LSMO) dots with diameter of  ~1 mm were deposited on the top of the PLZT thin 
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films by DC sputtering with mask at 60 W with gas ratio of Ar:O2=50:50 and working 
pressure of 3.8 mTorr. The sputtered top LSMO electrodes were post-annealed at 700 
°C. With the LSMO top electrodes and conductive Nb:STO substrates, the PLZT thin 
films had a sandwich electrode configuration. The crystal structure of the PLZT film 
was examined using a high resolution X-ray diffractometer (PANalytical X’Pert PRO 
XRD). The ferroelectric hysteresis loop was measured by a standard ferroelectric 
tester (Precision Premier II, Radiant Technology). The setup of photovoltaic tests was 
described in a previous paper [112]. The J-V curve was measured using a 
programmable high resistance meter/ electrometer (Keithley 6517A) under different 
incident UV intensities, wherein the UV intensity at the sample surface was measured 
by an optical power meter (1830-C, Newport Corporation, CA, USA). The error of 
the UV intensity measurement was below 25%. The mobility of the PLZT thin films 
was measured by a Hall Effect Measurement System (HL5500PC, BIO-RAD) on both 
Nb:STO and insulating YSZ/Si3N4/SiO2/Si substrates (YSZ: yttria stabilized 
zirconia). 
 
The x-ray diffraction Gonio-scan (θ-2θ scan) patterns for the sol-gel-derived 
polycrystalline and epitaxial PLZT films are presented in Chapter 3, and XRD Gonio-
scan pattern for the sputtered epitaxial PLZT thin film is shown in Fig. 5-2, where 
only (h00) plane peaks are observed. In the inset of Fig. 5-2, the full width at half 
maximum (FWHM) of the PLZT (200)-peak rocking curve (ω-scan) is 0.29°, and the 
fourfold diffraction peaks in the PLZT (111) plane pole figure show the cube-on-cube 
epitaxial orientation relationship to the substrate. The sputtered ferroelectric film with 
the thickness of 68 nm exhibited a typical ferroelectric hysteresis loop (not shown) 
and a remnant polarisation of 17 μC/cm2. The mobility of the PLZT film was 
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determined to be on the order of 100 cm2/Vs (~450 cm2/Vs) through the Hall effect 
measurements on different substrates. 



















































Fig. 5-2. XRD Gonio-scan pattern of the epitaxial PLZT thin film grown on single 
crystal Nb:STO substrate; the inset figure is the rocking curve of the PLZT (200) peak 
and the 3D XRD pole figure of PLZT (111) plane. 
 
5.3 Results and Discussion  
5.3.1 Photovoltaic efficiency in sol-gel-derived polycrystalline and 
epitaxial films  
The photovoltaic efficiency for sol-gel-derived PLZT films is calculated from the 
measured open circuit photovoltage and short circuit photocurrent. The open circuit 
photovoltage Voc for the sol-gel-derived polycrystalline and epitaxial PLZT thin films 
is shown in Fig. 5-3. Each datum point is the mean value of measurement results of at 
least 5 samples, and the error bar at each datum point stands for the standard deviation 
of the data at that point. The average value of photovoltage for the unpoled films of 
different thicknesses is determined by the internal net interface potential (or potential 
difference of the top and bottom interfacial Schottky barriers). Thus the Voc in the 
unpoled films should be highly sensitive to interfacial properties, e.g. Schottky barrier 
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height or interfacial trap density, but not change substantially with the thickness. Here 
we take the mean value Voc = –0.24 V and Voc = 0.59 V (the Voc lines in Fig. 5-3 (a) 
and (b)) as the photovoltage output in unpoled polycrystalline and epitaxial films of 
different thicknesses. The direction of the Voc in the unpoled films is consistent with 
the barrier potential difference ∆φB in Table 3-1 in both polycrystalline and epitaxial 
films, but the magnitude is smaller than ∆φB due to the barrier-lowering-effect as 
explained before. Linear fittings were performed for the Voc data in the positively and 
negatively poled films in Fig. 5-3. The photovoltage in the poled film showed a linear 
relationship with the film thickness, which is consistent with the established linearity 
in the ferroelectric bulk photovoltaic effect, but it has a significant non-zero 
photovoltage at zero thickness which cannot be neglected for thin film. According to 
the fitting lines in Fig. 5-3, the photovoltage can be expressed as a linear function of 
film thickness L 
1 2ocV s L s= + . 
(5.1) 
The linear fitting data s1 and s2 are listed in Table 5-1. It needs to be pointed output 
that in the unpoled films, s2 is independent on thickness because it is determined by 
the interfacial Schottky barriers. In addition, s1 in Table 5-1 is larger for the epitaxial 
film than the polycrystalline film, which indicates that the contribution of the 
polarisation in the epitaxial film is larger due to the film quality and larger remnant 





Table 5-1. Linear fitting data for thickness-dependent photovoltage in sol-gel-derived 
polycrystalline and epitaxial PLZT thin films 
 





s1 (V/m) 1.137×105 0 –1.192×105 Polycrystalline
film s2 (V) –0.253 –0.242 –0.236 
s1 (V/m) 5.181×105 0 –7.488×105 
Epitaxial film 
s2 (V) 0.567 0.593 0.630 
 






(a)Polycrystalline PLZT on Pt/Ti/SiO2/Si
UV intensity: 0.26 mW/cm2
 





















Epitaxial PLZT on Nb:STO



















Fig. 5-3. Experimental and linear fitting results of the thickness-dependent open 
circuit photovoltage Voc for sol-gel-derived (a) polycrystalline and (b) epitaxial PLZT 
thin films in different polarisation states. 
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UV intensity: 0.26 mW/cm2
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Fig. 5-4. Experimental and simulation results of the thickness dependence of short 
circuit photocurrent Jsc in the sol-gel-derived (a) polycrystalline and (b) epitaxial 
PLZT thin films in different polarisation states. 
 
 
The experimental data of the thickness-dependent short circuit photocurrent Jsc for the 
sol-gel-derived polycrystalline and epitaxial PLZT thin films are presented in Fig. 5-4 
(a) and (b). In order to understand the photovoltaic mechanism in electrodes-
sandwiched ferroelectric thin films, we developed a theoretical model in the frame 
work of internal electric field distribution taking into account ferroelectric 
polarisation, interfacial Schottky barriers and screening charge in the electrodes to 
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predict the thickness-dependent photocurrent outputs. The detail of the theoretical 
modelling will be elaborated in Chapter 7.  






Polycrystalline PLZT on Pt/Ti/SiO2/Si
UV intensity: 0.26 mW/cm2
 


























Epitaxial PLZT on Nb:STO























Fig. 5-5. Experimental and calculated results of the thickness dependence of 
maximum power conversion efficiency ηmax for the sol-gel-derived (a) polycrystalline 
and (b) epitaxial PLZT thin films in different polarisation states. 
 
It has been shown in Chapter 3 that the illuminated J-V curve is generally a straight 
line with the two intersection points (Voc, 0) at V-axis and (0, Jsc) at J-axis, thus the 





= −  
(5.2) 
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Substituting Eq. (5.2) into Eq. (3.1), the efficiency η at the point (J, V) is 
 ( ) ( )2/ /sc sc oc sc oc
UV UV UV
J J V V V JJV V V V
I I I
η − × ×= = = − −  
(5.3) 
According to Eq. (5.3), the maximum efficiency ηmax should occur at (0.5Voc, 0.5Jsc) 




sc oc sc oc
UV UV
J V J V
I I
η ×= = . 
(5.4) 







J s L sJ V
I I
η +×= = . 
(5.5) 
In this case, the maximum efficiency ηmax in Eq. (5.5) can be calculated from the 
thickness-dependent Jsc and Voc curves in Fig. 5-3 and Fig. 5-4. The experimental data 
and calculated results of thickness-dependent ηmax in sol-gel-derived polycrystalline 
and epitaxial PLZT thin films are shown in Fig. 5-5. It can be seen that the efficiency 
in the sol-gel-derived polycrystalline film is in the order of 10-7~10-6, while in the 
epitaxial film the efficiency is on the order of 10-5. In sol-gel-derived ferroelectric 
films, the efficiency of the epitaxial film is one or two orders higher than that of the 
polycrystalline film. In addition, the power conversion efficiency ηmax showed 
exponential-like increase with the decrease in the ferroelectric film thickness. These 
results imply that reduction of the film thickness is an important way to improve the 
maximum power conversion efficiency ηmax. Recent research efforts have showed that 
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the critical size for ferroelectricity in perovskite films can be as small as a few lattice 
parameters [65, 66, 127, 128]. Therefore, much higher photovoltaic efficiency could 
be achieved in ferroelectric ultrathin films. 
 
5.3.2 Improved efficiency in sputtered epitaxial films 
For the sputtered epitaxial PLZT thin film, the illuminated J-V curves after poling at 
different incident UV light intensities (with the photon energy of 3.5 eV) are 
presented in Fig. 5-6 (a). As shown in Fig. 5-6 (a), the open circuit photovoltage Voc 
(the intersection points with the V-axis for the J-V curves) almost kept constant at 
0.72 V with the increase of incident UV intensity from 0.05487 mW cm-2 to 0.90531 
mW cm-2; While the short circuit photocurrent Jsc (the intersection points with the J-
axis for the J-V curves) increased from 0.64 µA cm-2 to 1.56 µA cm-2 with the 
increase of the incident UV intensity. The measured dark current is 2.45×10-3 µA cm-2, 
which is negligible compared with the illuminated photocurrent. The highest 
photocurrent responsivity (the ratio of the short circuit photocurrent density (µA cm-2) 
to the input optical power density (mW cm-2)) in Fig. 5-6 (a) is 11.66 mA W-1 at 
0.05487 mW cm-2, and it greatly exceeded the latest reported maximum photocurrent 
responsivity ~1 mA W-1 in epitaxial PZT thin films [59]. On the basis of the results in 
Fig. 5-6 (a), the terminal voltage dependence of external power conversion efficiency 
at different incident UV light intensities is presented in Fig. 5-6 (b). The power 
conversion efficiency η is the ratio of the output electric power to the input optical 
power (η = Pout / Pin), wherein the input power density Pin (mW cm-2) is the received 
UV intensity (mW cm-2) at sample surface, and the output power density Pout at a 
certain point (J, V) of the J-V curve is the area enclosed by the point (J, V) and two 
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axes (Pout =JV, mW cm-2) in Fig. 5-6 (a). It can be seen that the highest external 
power conversion efficiency is ~0.28% at the incident UV intensity of 0.05487 mW 
cm-2 in this 68-nm-thick epitaxial PLZT film. This maximum photovoltaic power 
conversion efficiency on the order of 10-3 (0.28%) is two orders higher compared with 
the most recently reported experimental photovoltaic efficiency of ~10-5 in the 
preferentially oriented ferroelectric PZT thin films [74], and it is the highest 
photovoltaic power conversion efficiency that has ever been reported so far among all 
types of ferroelectric materials. It also significantly exceeds the theoretically predicted 
limit (10-6~10-4) [38] of the power conversion efficiency in ferroelectrics.  
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Fig. 5-6. Experimental results of (a) illuminated J-V curves and (b) terminal voltage 
dependences of power conversion efficiencies at different incident UV intensities for 
a 68-nm-thick sputtered epitaxial PLZT thin film sandwiched between top LSMO and 
bottom Nb:STO electrodes.  
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5.3.3 Simulated high efficiency in nano-scaled ferroelectric thin films 
To elucidate the effects of the film thickness on the photovoltaic output, a theoretical 
model is developed on the basis of internal electric field distribution in ferroelectric 
thin film after first considering all the factors including ferroelectric polarisation, 
Schottky barrier, and screening charges in the electrodes. The model determines 
photovoltaic output under illumination with the principle of current continuity taking 
into account drift/diffusion current, carrier generation and recombination. This model 
will be elaborated in Chapter 7. From the theoretically established relationship, 
efficiency can be significantly improved with thickness reduction and extremely high 
efficient photovoltaic effect is predicted for ultrathin films. The simulation results 
illustrating the thickness dependences of photocurrent and external power conversion 
efficiency in the PLZT thin films in the nanoscale thickness range 8 ~ 100 nm are 
presented in Fig. 5-7. In this simulation, we used reasonable or widely-accepted film 
parameters: remnant polarisation P ~ 30 µC cm-2, carrier mobility µ ~ 100 cm2 V-1s-1 
[129], carrier lifetime τ ~ 200 ps [125], quantum efficiency β ~ 90% [130, 131], top 
and bottom interfacial space charge density Neff1 ~ 2×1020 cm-3 [103] and Neff2 ~ 
1×1020 cm-3 [103] for the epitaxial PLZT thin film sandwiched between top and 
bottom electrodes, and we further assumed that these parameters are not thickness-
dependent. The simulation results in Fig. 5-7 show that an 8-nm-thick positively poled 
PLZT film can produce a photocurrent density around ~337.6 µA cm-2 and 
corresponding maximum power conversion efficiency of ~18.7%. These simulation 
results suggest that further improved photovoltaic conversion efficiency on the order 
of 10-1 can be achieved in epitaxial ferroelectric thin films. The photovoltaic output in 
the ultrathin film below the thickness of 8 nm is complicated and this issue is beyond 
the discussion in this Chapter.  
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Fig. 5-7. Simulation results of the thickness-dependent short circuit photocurrent and 
maximum power conversion efficiency for the epitaxial PLZT film in the nanoscale 
thickness range 8 ~ 100 nm (using the ferroelectric parameters P ~ 30 µC cm-2, 
quantum efficiency β ~ 90%, top and bottom interfacial space charge density Neff1 ~ 
2×1020 cm-3 and Neff2 ~ 1×1020 cm-3, carrier mobility µ ~ 100 cm2 V-1s-1, and carrier 
lifetime τ ~ 200 ps). After replacing the ferroelectric mobility and lifetime data with 
the Si parameters (carrier mobility µ ~1500 cm2 V-1s-1 and lifetime τ ~ 10 µs), the 
corresponding simulation results are also shown for reference.  
 
Recent theoretical and experimental investigations have provided strong evidences for 
that ferroelectricity is able to exist in ultrathin film of a few nanometers. With high 
quality ferroelectric ultrathin film, it is possible that the photovoltaic efficiency can 
become comparable with or even exceed that of the currently dominant 
semiconductor-based photovoltaic materials. Ferroelectric carrier mobility varies in a 
large range in different ferroelectric materials. It has been recently reported that the 
ferroelectric mobility can be as high as 104 cm2 V-1s-1 in Co-doped (La,Sr)TiO3 thin 
films [132], thus it is not impossible that the mobility and lifetime in some 
ferroelectrics can be even higher than Si. As a reference shown in Fig. 5-7, with the 
same mobility and lifetime as Si (µ ~ 1500 cm2 V-1s-1, τ ~ 10 µs) [40], the efficiency 
in ferroelectric thin films can be as high as 70%. Thus, the study of the photovoltaic 
effect in nano-scaled ferroelectric thin films is of particular importance. 
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It should be pointed out that the interfacial Schottky barriers also partially contribute 
to the observed photovoltaic effects [111, 114]. According to the work functions of 
the top and bottom electrodes (φLSMO=4.7~4.8 eV [133, 134], φNb:STO=4.2 eV [115]) 
and the PLZT electron affinity (χPLZT=3.5±0.2 eV [103]), the top and bottom Schottky 
barrier difference is ~0.5 eV. That is why photocurrent Jsc is always in the positive 
direction for both positively and negatively poled PLZT film in Fig. 5-7. According to 
our measured illuminated J-V curves in the sputtering-derived poled and unpoled 
LSMO/PLZT/Nb:STO films (not shown), the photovoltaic efficiency after poling was 
significantly larger than that before poling, proving that the high photovoltaic 
efficiency was mainly induced by ferroelectric polarisation in the bulk film region 
rather than the interfacial Schottky barriers. 
 
On the basis of our experimental and theoretical study, the photovoltaic power 
conversion efficiency in ferroelectric thin films can be significantly improved with 
reduced thickness and improved epitaxial quality. The demonstration of the high 
photovoltaic efficiency in our PLZT thin films by sputtering in this work is only the 




In summary, photovoltaic effect in ferroelectric thin films with nano-scaled thickness 
was investigated through both experimental and theoretical approaches. For the sol-
gel-derived ferroelectric films, the photovoltage magnitude in the unpoled films was 
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determined by the Schottky potential difference at the two electrode interfaces and 
was independent on film thickness. In contrast, the change of photovoltage in the 
poled films showed a linear dependence on film thickness on the basis of the non-zero 
photovoltage in the unpoled film. Photocurrent and power conversion efficiency 
exhibited exponential-like increase with the decrease in the film thickness, thus higher 
photocurrent and efficiency can be expected in thinner ferroelectric films. The 
photovoltaic efficiency was improved by one order in sol-gel-derived epitaxial PLZT 
films compared with that in the polycrystalline films. More importantly, 
unprecedented high power conversion efficiency for ferroelectrics on the order of 10-3 
(0.28%) was demonstrated in our sputtered 68-nm-thick ferroelectric epitaxial PLZT 
thin film. Theoretical analysis predicted that extremely high efficiency may exist in 
high quality ferroelectric ultrathin films, which is comparable with or even higher 
than semiconductor-based photovoltaics. The experimental results and theoretical 
prediction in this work revealed the importance of the photovoltaic study in nano-
scaled ferroelectric thin films.  
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6 Chapter 6   Stability of photovoltage and trap of light-





It is well-known that the photovoltage response in ferroelectrics typically increases 
exponentially with the irradiation time [54]. It has been also well established that the 
polarity of photovoltage depends on the direction of remnant polarisation and that the 
magnitude of photovoltage is proportional to that of remnant polarisation and the 
inter-electrode distance as well [26, 47]. However, we have observed that the output 
photovoltage in ferroelectric thin films is much more complicated than what has been 
reported in the literature so far, wherein not only the photovoltage is determined by 
the ferroelectric polarisation but also its magnitude and even the polarity significantly 
change with the light illumination time or cycle. This phenomenon certainly affects 
the stability of photovoltaic response in ferroelectric thin films. Device applications 
seem not possible without clarifying the relevant mechanism and having the stability 
issue solved. In this work, the photovoltage degrading in the multi-cycle UV 
illumination for the ferroelectric thin films in both top-bottom sandwich electrode and 
in-plane interdigitated electrode configurations is described, and the mechanisms 
affecting the photovoltage stability are analysed. 
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6.2 Experimental procedure 
0.5 mol% WO3-doped (Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLWZT) thin films were prepared 
by a sol-gel process on Pt/Ti/SiO2/Si and YSZ/Si3N4/SiO2/Si (YSZ: yttria stabilized 
zirconia) substrates. The precursor solution was obtained by dissolving appropriate 
amount of lead acetate trihydrate, lanthanum acetate hydrate, zirconium 
acetylacetonate, titanium isopropoxide and tungsten ethoxide in the solvent 2-
methoxyethanol (2-MOE). Appropriate doping of WO3 can improve the photovoltaic 
properties of the PLWZT thin films. Additional Pb was incorporated into the 
precursor solution to compensate lead loss during thermal annealing. The solution was 
spin-coated on the substrate through multiple coating and heating cycles and finally 
annealed at 750 °C. For the PLWZT/Pt/Ti/SiO2/Si structure, transparent round gold 
electrodes with the diameter of 1 mm were deposited on the top by sputtering, thus the 
PLWZT thin film was in a top-bottom sandwich electrode configuration, as shown in 
Fig. 6-1 (a). For the PLWZT/YSZ/Si3N4/SiO2/Si structure, a pair of interdigital gold 
electrodes was deposited on the top and the PLWZT thin film had an in-plane 














Fig. 6-1. Schematic illustration of the PLWZT thin films in the (a) sandwich electrode 
configuration with inter-electrode distance of 0.706 µm and (b) in-plane electrode 
configuration with inter-electrode distance of 10 µm. 
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The dielectric property of the PLWZT films were examined using an impedance 
analyser (HP 4194A). The film thickness was measured by a cross-sectional 
examination using a field emission scanning electron microscope (FE-SEM, JSM-
6700F, JEOL Ltd., Japan). Crystal structure was examined using an X-ray diffraction 
system (D8-Advance, Bruker AXS GmbH, Karlsruhe, Germany). Polarisation-electric 
field (P-E) hysteresis loop was measured by a standard ferroelectric testing unit 
RT66A (Radiant Technologies). The I-V curves for Au/PLWZT/Pt capacitor were 
measured at different temperatures on a thermo-chuck (TP0315, Temp Tronic 
Corporation, USA) using a high resistance meter (Keithley 6517A). The PLWZT thin 
films were electrically poled at 150 kV/cm at room temperature using a source meter 
(Keithley 2400). For the photovoltaic testing, the sample was illuminated from the top 
by the incident UV light (Mercury-Xenon lamp, SCI 200, Science Tech, Canada) 
selected through an optical band-pass filter (Andover Corporation, USA) with the 
centre wavelength of 365 nm and bandwidth of 10 nm, wherein the photon energy 
approximately corresponds to the material band gap 3.5 eV. The UV light intensity at 
the sample surface was measured by an optical power meter (1830-C, Newport 
Corporation, USA). The detailed photovoltaic experiment setup was described in 
previous chapter. Open circuit photovoltage was measured using an electrometer 
(Keithley 6514) at room temperature.  
 
6.3 Results 
The X-ray diffraction patterns shown in Fig. 6-2 indicate that polycrystalline 
perovskite structure formed in the PLWZT thin films on both Pt/Ti/SiO2/Si and 
YSZ/Si3N4/SiO2/Si substrates.  
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Fig. 6-2. XRD patterns of sol-gel derived PLWZT thin film on (a) Pt/Ti/SiO2/Si 
substrate and (b) YSZ/Si3N4/SiO2/Si substrate. 
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Fig. 6-3. Photovoltage response in the multi-cycle UV illumination before poling, and 
after positive and negative poling for the Au/PLWZT/Pt thin film electrode-
sandwiched capacitor. The thickness of the PLWZT thin film was 0.706 μm. The UV 
light intensity was 0.74 mW/cm2 at the sample surface.    
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For the as-prepared unpoled Au/PLWZT/Pt capacitor, a non-zero negative 
photovoltage Vno-poling was observed under UV light illumination, as shown in Fig. 6-3. 
The magnitude of Vno-poling was found very stable in the multi-cycle illumination under 
a fixed UV light intensity. After positive or negative poling, the photovoltage V+poling 
and V-poling tested under the same UV light intensity, as shown in Fig. 6-3, were not 
symmetric in the two opposite poling directions. The magnitude of saturated 
photovoltage V+poling or V-poling kept decreasing significantly with the illumination 
cycle in the multi-cycle UV light illumination, although V+poling and V-poling tended to 
become stable after several runs. For the positively poled film, V+poling finally became 
negative; while for the negatively poled case, V-poling remained negative but with a 
much smaller residual magnitude after a few runs. It was noted that the final V+poling 
and V-poling after the multi-cycle illumination were symmetric on the either side of the 
line Vno-poling but not the zero line of the photovoltage. These phenomena indicate the 
existence of a negative bias in the photovoltage. For the in-plane-electrode PLWZT 
films, as presented in Fig. 6-4, the observed photovoltages after positive and negative 
poling V+poling and V-poling were nearly symmetric. Similarly, V+poling and V-poling also 
decreased with the illumination cycle and became stable after a few runs. It is 
noteworthy that the inter-electrode distance is 10 µm and 0.706 µm for the thin films 
poled along in-plane and thickness directions respectively for the two different 
configurations. That is why the former one with the in-plane polarisation could 
produce the much larger photovoltage. Despite its much larger photovoltage, 
interestingly, the absolute reduction amount in the saturated photovoltage magnitude 
(ΔV) between the 1st run and the stabilized value in Fig. 6-4 was similar to the ΔV 
value of the sandwich electrode configuration in Fig. 6-3. Thus, the percentage of 
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decreased photovoltage was much smaller and the relevant stability of photovoltage 
was greatly improved for the in-plane configuration. 































Fig. 6-4. Photovoltage response in the multi-cycle UV illumination after positive and 
negative poling for the PLWZT thin film with in-plane polarisation. The in-plane 




6.4.1 The asymmetric photovoltage in electrodes-sandwiched thin film 
configuration 
The asymmetric photovoltage in the two opposite poling directions and the non-zero 
photovoltage in the unpoled film were only observed in the Au/PLWZT/Pt capacitor; 
while for the in-plane polarisation, the photovoltage response was nearly symmetric in 
the two opposite poling directions, which is believed to be resulted from the 
symmetric interdigital electrodes made of the same metal and going through the same 
processing on the top of the film. Therefore, the negative bias in photovoltage in 
Au/PLWZT/Pt thin film is probably due to the asymmetric interfacial Schottky 
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barriers. In light of this hypothesis, interfacial Schottky barrier effects on 
photovoltage were quantitatively analysed below based on the measured I-V curve 
results. 
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Fig. 6-5. Schottky plot of ln(J/T2) vs. E1/2 for the Au/PLWZT/Pt thin film capacitor 
under forward and reverse biases. The straight fitting lines suggest that the Schottky 
thermionic emission is the conduction mechanism in the field region 200-400 kV/cm. 
 
 







































Fig. 6-6. The plot of ln(J/T2) vs. 1000/T for Au/PLWZT/Pt thin film capacitor. The 
data points are extrapolated values at E=0 from the Schottky plot ln(J/T2) vs. E1/2 of 
experimental I-V curves. The obtained effective Schottky barrier heights are 0.68 eV 
and 0.81 eV at the top and bottom interfaces, respectively. 
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For the Au/PLWZT/Pt capacitor, the observed current under low electric field (below 
200 kV/cm) is partially contributed by dielectric relaxation current or polarisation 
switching current and is not true leakage current [135, 136]. In the higher field region 
200~400 kV/cm, our I-V curves were found to obey the thermionic Schottky emission 
under both forward and reverse biases, following the thermionic Schottky emission 
equation [137-140]  
 
( )02 / 4* exp B opq qEJ A T
kT
ϕ πε ε⎡ ⎤− −⎢ ⎥= ⎢ ⎥⎣ ⎦
,  
(6.1) 
where A* is Richardson constant, T is absolute temperature, k is the Boltzmann 
constant, q is electron charge,  φB is barrier height, εop is dynamic dielectric constant, 
and E is the applied electric field. In reference to Eq. (6.1), the Schottky plot of 
ln(J/T2) vs. E1/2 is given in Fig. 6-5, with linear fitting performed in the high field 
regions 200~400 kV/cm under forward and reverse biases. By extrapolating the 
electric field to zero in Fig. 6-5, we can plot ln(J/T2) vs. 1000/T at zero field E=0 in 
Fig. 6-6, in which the slope gives the effective barrier height of 0.68 eV and 0.81 eV 
at top and bottom interfaces, respectively. For ferroelectric oxides, the effective 
barrier height obtained from Schottky plot is usually lower than the theoretical value 
calculated from metal work function and ferroelectric electron affinity [141], because 
heavy surface states created in the fabrication processes always lower the barrier 
height to some extent [102, 103]. Thus the barrier height is no longer determined by 
the difference between metal work function and ferroelectric electron affinity, but by 
the surface state density [142, 143]. The PLWZT thin film was previously examined 
to be n-type conductive in our Hall measurement. Taking into account Schottky 
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barriers at the top and bottom interfaces, the energy band structure of the 
Au/PLWZT/Pt capacitor can be illustrated in Fig. 6-7. Schottky barrier space charge 
field Etop and Ebottom pointing at interface can separate photo-generated charge carriers 
and generate photovoltage at the two opposite directions. Since the bottom Schottky 
barrier is higher and produces larger photovoltage, a negative photovoltage Vno-poling 
for the virgin unpoled film was observed. The difference between the two Schottky 
barrier heights at top and bottom interfaces is 0.81-0.68=0.13 eV, which is consistent 
with the saturated photovoltage value in the unpoled PLWZT film. Accordingly, the 
asymmetric photovoltage in the two opposite poling directions, as shown in Fig. 6-3, 




Fig. 6-7. Schematic illustration of interfacial effects on photovoltage. (a) Energy band 
diagram of Au/PLWZT/Pt capacitor shows the asymmetric Schottky barriers that 
induce asymmetric photovoltage in the two opposite poling directions; (b) Photo-
generated charge carriers get trapped at interfaces and result in polarisation screening 
as well as photovoltage decrease in the multi-cycle UV illumination. 
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6.4.2 Stability of photovoltage and trap of light-induced charges 
The stability performance of photovoltage in PLWZT thin films with both top-bottom 
sandwich electrode and in-plane electrode is summarized in Fig. 6-8. It can be seen 
that the saturated photovoltage decreases exponentially with the illumination cycle 
and stabilizes after several running cycles. As shown in Fig. 6-8, in the top-bottom 
sandwich electrode configuration, due to asymmetric Schottky barriers and small 
magnitude of photovoltage, the dropped photovoltage is relatively large and even the 
polarity of V+poling changes after it stabilizes, thus the stability performance is very 
poor. In contrast, for the in-plane electrode configuration, the polarity of photovoltage 
still accords with the poling direction after photovoltage stabilizes and the magnitude 
of dropped photovoltage is relatively small, thus the stability performance is generally 
improved.  

























Runing cycles in the photovoltage tests
Top-bottom electrode
interelectrode distance 0.706 μm
 
 
Fig. 6-8. The plot of saturated photovoltage vs. running cycles in multi-cycle UV 
illumination for PLWZT thin films in top-bottom sandwich electrode and in-plane 
electrode configurations. 
 
The photovoltage decrease in the multi-cycle illumination for the poled PLWZT films 
implies that the ferroelectric polarisation-induced internal electric field is suppressed 
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due to the polarisation screening by the trapped photo-induced charge carriers. One 
possible mechanism is that light-induced non-equilibrium charge carriers drift under 
the polarisation field and become trapped in the domain walls with polarisation 
discontinuity in the bulk region of the film [144-147]. The trapped charge carriers 
thus compensate the polarisation charges at the domain boundaries [148-150]. 
Another assumption is that charge trapping occurs at ferroelectric-metal interfaces 
[151], in which the photo-generated charge carriers are swept by the polarisation field 
towards the two different ferroelectric-metal interfaces. If the non-equilibrium charges 
are trapped in the deep levels at interfaces, they form stable space charges 
counteracting the polarisation field in the opposite direction, and thus the polarisation 
is screened. Usually, it is difficult to experimentally identify where the trapping and 
screening of the non-equilibrium charges mainly happen, i.e., at the bulk of the film or 
the interface. Our observations here can clarify where the charge trapping mainly 
occurred by comparing the photovoltage degrading in ferroelectric thin films 
polarised at thickness and in-plane directions. The similar dropped photovoltage ΔV 
value in the two configurations in Fig. 6-3 and Fig. 6-4 suggests that photo-induced 
charge carriers were mainly trapped at the ferroelectric-metal interfaces as illustrated 
in Fig. 6-7 (b), rather than the bulk region of the film. If the charge trapping and 
polarisation screening in the bulk film were predominant, ΔV would strongly depend 
on the length of the bulk region between the two electrodes hence on the output 
photovoltage magnitude. However, the experimental results showed that ΔV was 
almost same (0.3~0.6 V) in both Fig. 6-3 and Fig. 6-4 despite the huge difference in 
the distance between the electrodes in the two configurations (10 µm and 0.706 µm). 
Therefore, photovoltage degrading in the multi-cycle or long time UV illumination 
should mainly be determined by the interfacial properties, such as interface trap 
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density. This understanding can also explain why photovoltage decrease in multi-
cycle UV illumination has not caused attention in the studies on the bulk ferroelectric 
ceramics. The small photovoltage change due to the interfacial effects in the level of 
hundreds of millivolts is negligible in comparison with the extremely large 
photovoltage in ferroelectric bulk ceramic, in which the photovoltage magnitude is as 
large as hundreds of volts. Nevertheless, in electrode-sandwiched ferroelectric thin 
films, due to the small film dimension and small photovoltage magnitude, photo-
induced charge trapping and polarisation screening at the interfaces did play a 
significant role in determining the magnitude and stability of the photovoltage.  
 
With the assumption that photo-generated charge carriers are trapped at the 
ferroelectric-metal interface or a thin interfacial layer, the dropped photovoltage ΔV 
can be quantified for the metal-ferroelectric-metal capacitor on the basis of trapped 
charge density ΔNeff (cm-3) at the interfacial layer during the multi-cycle UV 
illumination. In the frame work of Schottky emission, the effective charge density at 
interfacial layer Neff (cm-3) in a metal-ferroelectric-metal capacitor can be estimated 











q NqJ V V
kT π ε ε ε
⎛ ⎞= +⎜ ⎟⎜ ⎟⎝ ⎠
  
(6.2) 
where εop is the dynamic dielectric constant, εr is the relative dielectric constant, V is 
the applied voltage and Vbi is the built-in potential. With the standard value εop ~ 5.6 
for PZT [103] and the measured value εr ~ 1500 for our PLWZT, Neff can be 
calculated from the linear fitting slope in the plot of ln(J) vs. (V+Vbi)1/4 in reference to 
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Eq. (6.2). In our experiment, the Au/PLWZT/Pt capacitor was first positively or 
negatively poled, followed by positive or negative I-V curve measurement at room 
temperature with or without UV illumination. Thus the Neff value before and after UV 
irradiation can be calculated from the plot of ln(J) vs. (V+Vbi)1/4 in Fig. 6-9. By 
comparing the Neff value before and after UV illumination, the photo-induced trapped 
charge density ΔNeff (cm-3) at interfacial layer in a positively or negatively poled 
Au/PLWZT/Pt thin film can be obtained. The data of the linear fitting slopes and the 
corresponding Neff values in Fig. 6-9 are summarized in Table 6-1. The calculated 
ΔNeff  is 1.0016×1020 cm-3 and 1.2595×1020 cm-3 for the positively and negatively 
poled film respectively, comparable with the reported interfacial layer trap density 
1019~1020 cm-3 in the literature [103, 152, 153]. 
 
Table 6-1  Linear fitting slope b, calculated Neff and ΔV according to Fig. 6-9, 
experimental ΔV data of the positively and negatively poled Au/PLWZT/Pt thin film.  
 
 Positively poled Negatively poled 







Linear fitting slope b 
(V1/4/ln(A/m2)) in the 
plot of ln(J) vs. 
(V+Vbi)1/4 
3.2958 4.6647 4.2208 5.2582 
Interfacial charge 
density Neff (cm-3) 
3.3243×1019 1.3340×1020 8.9418×1019 2.1537×1020 
Photo-induced trapped 
interfacial charge 
density ΔNeff (cm-3) 
1.0016×1020 1.2595×1020 
Calculated drop of 
photovoltage ΔV (V) 0.341 0.429 
Observed drop of 
photovoltage ΔV (V) 0.365 0.464 
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 before UV illumination
























Fig. 6-9. After positive or negative poling, the I-V curve plot of ln(J) vs. (V+Vbi)1/4 
measured at room temperature before and after UV illumination. The UV intensity 
was 0.74 mW/cm2 and the total exposure time to the UV light was 2000 s, which was 
consistent with the total illumination time in the multi-cycle UV illumination. The 
effective interfacial charge density Neff values were calculated from the linear fitting 
slope b. 
 
If assuming that the photo-induced trapped charges ΔNeff (cm-3) uniformly distribute 
in a thin interfacial layer with the thickness δ after multi-cycle UV illumination, then 
the density ΔNeff can be converted to the trapped surface charge density Δσ (μC/cm2) 
 ( )2/effq N C cmσ δ μΔ = Δ . 
(6.3) 
Therefore, the decreased photovoltage due to the trapped charge carriers can be 





V EL L L
δσ
ε ε ε ε
ΔΔΔ = = =  
(6.4) 
where L is the film thickness. In the literature, the thickness of this interfacial layer is 
usually estimated to be on the order of one unit cell [103] in a typical metal-
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ferroelectric-metal capacitor. For PZT, lattice parameter and δ are around 4Å. 
According to Eq. (6.4), the calculated amount of decreased photovoltage ΔV after 
positive and negative poling is 0.341 V and 0.429 V respectively, which is close to 
our observed ΔV value of 0.365 V and 0.464 V for the Au/PLWZT/Pt capacitor, as 
shown in Table 6-1. The analysis above further validates our hypothesis that the 
trapping of photo-induced charge carriers mainly occurred at the ferroelectric-metal 
interfaces rather than the bulk region of the film.  
 
The interfacial defects are typically oxygen vacancies VO•• or defect dipole complexes 
of oxygen vacancies associated with lead vacancies VPb''–VO•• [79]. Experimentally we 
also noted the decrease of remnant polarisation after the multi-cycle UV illumination, 
which is believed mainly caused by those interfacial defects. However, there was no 
obvious voltage offset in the P-E loop in our films probably because VO•• were 




In summary, the stability and magnitude of photovoltage were studied in ferroelectric 
PLWZT thin films with top-bottom sandwich electrodes (Au/PLWZT/Pt/Ti/SiO2/Si) 
and interdigital electrodes at the top of the films with in-plane oriented polarisation 
(Au/PLWZT/YSZ/Si3N4/SiO2/Si). Under multi-cycle UV illumination, the dropped 
amount of saturated photovoltage ΔV between the 1st run and the final stabilized 
value was similar in both configurations in despite of the huge difference in inter-
electrode distance and photovoltage magnitude. Therefore, the reduction ratio of 
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photovoltage was much smaller and the stability of photovoltage was greatly 
improved for the in-plane configuration, which had a much larger electrode gap. The 
observed photovoltage decrease in the multi-cycle illumination for the poled PLWZT 
films showed that the ferroelectric polarisation-induced internal electric field was 
degraded probably due to the screening by the trapped photo-induced charge carriers. 
By comparing the photovoltage degrading observed in ferroelectric thin films 
polarised at thickness and in-plane directions, we conclude that charge trapping and 
polarisation screening by the photo-induced charge mainly occurred at the 
ferroelectric-metal interfaces but not in the ferroelectric bulk region. In addition, for 
the sandwich electrode configuration, the different electrode interfacial Schottky 
barriers resulted in non-zero photovoltage bias in unpoled films and also photovoltage 
asymmetry in the two opposite directions after the films were poled. The polarisation 
screening as well as Schottky barriers was found to play important roles in 
determining the magnitude, stability and even the polarity of the photovoltage in 
electrode-sandwiched ferroelectric thin films. Using the in-plane configuration is an 
effective approach not only for improving the photovoltage magnitude but also the 
















7 Chapter 7   Photovoltaic mechanisms in ferroelectric 





Although the discovery of photovoltaic phenomenon in ferroelectrics dates back to as 
early as 1950s, the physical nature of ferroelectric photovoltaics has not been well 
clarified. In the early years, a few authors suggested that the photocurrent in 
ferroelectrics arises from delocalized band-to-band optical transition in polar crystals 
due to Frank-Condon relaxation of the excited state, wherein the relaxed energy is 
essentially the difference between the change of electronic energy and strain energy of 
the lattice [31, 37]. They explained that the ionization of charge carriers from a bound 
state into delocalized states (in which the delocalization takes place in the excited 
state) in connection with an asymmetry in the photo cross section results in a 
directional electronic charge transfer through the crystal. It was also reported that the 
appearance of photocurrent in ferroelectrics is due to the asymmetric momentum 
distribution of photo-excited carriers in noncentrosymmetric crystals, which could be 
caused by inelastic scattering of carriers from asymmetric centres, excitation of 
impurity centres with an asymmetric potential or the hopping mechanism acting 
between the asymmetrically distributed centres [38]. Another point of view on the 
nature of ferroelectric photovoltaics is that the photocurrent is essentially originated 
from the photo-induced carriers and photo-induced dc electric field, wherein the 
photo-induced dc electric field depends on the nonlinear property of the dielectrics 
under UV radiation [13, 39]. Some other investigators believe that photovoltaic effect 
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in ferroelectrics is induced by the depolarisation electric field which is responsible for 
the separation of photo-generated charge carriers [26, 27, 73], and some experimental 
results can be qualitatively explained accordingly [44, 74, 112]. The common 
characteristic in all the previous theories is that they either directly or indirectly 
attributed the photovoltaic mechanism to the asymmetric nature of ferroelectrics. 
However, an important factor which determines the existence of depolarisation field – 
screen effect is neglected. The ferroelectric polarisation is not able to exist stably 
without charge screening, and the screening charge generally cancels the 
depolarisation field [69, 70, 154-156]. If it were in the ideal case of complete 
screening, the depolarisation field would not exist inside the ferroelectric thin films, 
and thus no photovoltaic output. Thus previous models can not describe the 
photovoltaic behaviours in ferroelectric thin films. In order to elucidate the 
mechanism of photovoltaics in ferroelectric thin films, we need establish a general 
physical model taking into account the ferroelectric polarisation, polarisation 
screening effect, and the electrode interfacial energy barriers as well. It was 
discovered with experimental supports that the dielectric constant of the electrodes 
significantly determined the photovoltaic responses. With the screening charges 
distributed extensively away from the interface between the ferroelectric and 
electrodes, the use of the electrodes with a high dielectric constant gave rise to 
dramatically enhanced magnitude of photocurrent. Extremely high photovoltaic 




7.2 Theoretical model 
 
Fig. 7-1. Schematic for the distribution of charge density ρ(x) in the electrode-
ferroelectric-electrode sandwich structure. Space charges qNeff1 and qNeff2 distribute 
uniformly in the Schottky space charge region (SCR) 0<x<w1 and w2<x<L near the 
two interfaces. Polarisation charges +P and –P distribute at the two electrode-
ferroelectric interfaces x=L and x=0 respectively. The surface screening charges Q1 
and Q2 (C) distribute in the top and bottom electrodes, L1<x<0 and L<x<L2, 
respectively. 
 
It is assumed that the PLZT thin film (with thickness L) is a wide-gap semiconductor, 
and the electrode-ferroelectric-electrode structure can be regarded as two back to back 
Schottky contacts. The ferroelectric polarisation P is modelled as a surface charge 
(C/cm2) located at the electrode-ferroelectric interfaces. The electrode-ferroelectric-
electrode structure has two sheets of surface charge +P and –P (C/cm2) at the two 
faces of a poled ferroelectric thin film (x=L and x=0) corresponding to the polarisation 
direction. Between the two sheets of charge, the polarisation in the bulk volume of the 
ferroelectric film is assumed uniform. Thus, no net polarisation charge is present in 
the ferroelectric bulk volume. In addition, for the top and bottom Schottky contacts, it 
is assumed that the space charge distributes uniformly in the two Schottky depletion 
regions (0<x<w1 and w2<x<L) with the charge density Neff1 and Neff2 (cm-3) 
respectively. When the UV light impinges on the sample, charge carrier n(x) (0<x<L) 
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is generated in the ferroelectric thin film with the photon absorption. It is assumed 
that the photo-generated charge carriers do not affect the distribution of internal 
electric field in the PLZT film. In this case, according to Poisson equation, the 
distribution of internal electric field E(x) in the ferroelectric thin film (0<x<L) can be 
expressed as a function of the polarisation charge (+P and –P) and Schottky space 
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where ρ(x) (C/cm3) is the charge density in the film, ε0 is the dielectric constant in 
vacuum, εr is the relative dielectric constant of the ferroelectric thin film, q is absolute 
value of electron charge, and E(0) is the value of electric field at x=0. E(0) is 
associated with screening charge Q1 and Q2 in the top and bottom electrodes as shown 
in the Fig. 7-1 and it is to be determined by the boundary conditions later.  
 
According to Eq. (7.1), the potential drop across the whole ferroelectric film Vf is the 
integration of electric field over the whole film thickness L: 
( ) ( )21 21 1 20
0 0 0
( ) 2 (0)
2 2
x L eff eff
f x
r r r
qN qN PV E x dx w L w L w L E Lε ε ε ε ε ε
=
== − = − − − − + −∫ . 
(7.2) 
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With regard to the screening charges in the electrodes, it is assumed that the 
polarisation charges (or the associated depolarisation field) are compensated with free 
charges n(x) or p(x) from the electrodes (L1<x<0 and L<x<L2), as shown in the Fig. 
7-1. At equilibrium state, there are three key equations to describe the screening 
charge distribution n(x) or p(x) in the electrode (x<0 or x>L): 
1. Poisson equation: 
0 0
( ) ( ) ( )e
e e
dE x qn x qp x
dx ε ε ε ε= − = , 
(7.3) 
2. Boltzmann law: 
( )( ) exp    
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, 
(7.4) 
3. The relationship between electric field and the carrier potential: 
( )( ) ee
dV xE x
dx
= − , 
(7.5) 
where εe is the dielectric constant of the electrode, ni is the equilibrium carrier density 
in the electrode, k is Boltzmann constant, T is absolute temperature, Ee(x) is the 
electric field in the electrode, and Ve(x) is the potential distribution in the electrode. 
With the boundary conditions at the electrode surface (assuming that the electrode is 
semi-infinite in length) 
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( )
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and the Gaussian law for the electrode  
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(7.8) 
where A is the area of electrode, Q1 and Q2 are the total screening charges at top and 
bottom electrode respectively, and εe1 and εe2 are the dielectric constants of top and 
bottom electrodes respectively. In addition, with another condition of displacement 
continuity at the electrode-ferroelectric interface 
0 00 or 0 or 
( ) ( )e e rx x L x x LE x E x Pε ε ε ε= = = == + , 
(7.9) 
the combination of Eq. (7.3), Eq. (7.4) and Eq. (7.5) yields the solution of electric 
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where σ1=Q1/A and σ2=Q2/A (C/cm2) are the total screening charges per unit area 
(equivalent surface density of screening charge) in the top and bottom electrode 
























are the screening length in the top and bottom electrodes respectively, which 
characterises the distribution extent of the screening charge in the electrodes. In this 
case, the corresponding potential drop in the top and bottom electrodes Ve1 and Ve2 are 
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In the short circuit steady state, we have 
1 2   0f e eV V V+ + = . 
(7.13) 
Based on this boundary condition, we can obtain E(0) and thus the electric field 
distribution in the ferroelectric film as described by Eq. (7.1) can be calculated 
accordingly. 
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When the UV light is incident on the sample, the electron generation rate under UV 
illumination at the depth x is 
-1 -3( )     (0 )      (s cm )     xtransmitG x T e x L
αβαϕ −= < <     
(7.14)  
where α (cm-1) is the ferroelectric optical absorption coefficient, φ (photons/cm2/s) is 
the incident photon flux density per second, and β (0<β<1) is the quantum efficiency 
which expresses the number of charge carriers that per photon produces, and Ttransmit is 
the transmittance of the top electrode. The recombination rate Rn for electrons is 
-1 -3( ) ( ) /     (0 )      (s cm )n nR x n x x Lτ= < < , 
(7.15)  
where n(x) (cm-3) is the electron concentration at depth x from the film top surface 
under illumination, and τn is electron lifetime. It is assumed that the electron lifetime 
is independent of the depth x. It is also known that the current density is 
( )( ) ( ) ( )n n n
dn xJ x q n x E x qD
dx
μ= + , 
(7.16) 
where μn is electron mobility, and Dn (Dn = μnkT/q) is electron diffusion coefficient. 
Substitute the generation rate G(x), recombination rate Rn(x), and current density Jn(x) 
into the steady state current continuity equation 
( )( ) 1 ( ) ( ) 0n n
dJ xdn x G x R x
dt q dx
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With the electric field distribution E(x) in Eq. (7.1), the steady state current continuity 
equation Eq. (7.18) yields the solution of charge carrier distribution n(x) in the 
ferroelectric film (0<x<L), from which the photocurrent density Jn(x) for the film with 
thickness L can be also calculated using Eq. (7.16). Thus the short circuit photocurrent 
density Jsc is  
0
( )sc n xJ J x == . 
(7.19) 




7.3.1 Photocurrent for PLZT thin films sandwiched between different 
electrode pairs 
The experimental data and simulation results (numerical solution) of the thickness-
dependent short circuit photocurrent (Jsc vs. L) for the LSMO/PLZT/Nb:STO, 
Au/PLZT/Nb:STO and Au/PLZT/Pt thin film capacitors are shown in Fig. 7-2. The 
experimental details are described in previous chapters and parameters used for 
simulation are provided in the Table 7-1. The simulation results predict that there is 
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an optimum thickness Lpeak at which the maximum photocurrent occurs for the 
ferroelectric thin films. The magnitude of photocurrent Jsc increases with the decrease 
in film thickness above the thickness Lpeak, but drops with the further decrease of 
thickness below Lpeak. As shown in Fig. 7-2, the peak photocurrent Jsc for the 
LSMO/PLZT/Nb:STO, Au/PLZT/Nb:STO and Au/PLZT/Pt thin films is 2.35 μA/cm2, 
0.114 μA/cm2 and 0.0140 μA/cm2, respectively, and the Lpeak for them is 16.55 nm, 
29.97 nm and 42.77 nm, respectively.  
Table 7-1  Parameters and data for the numerical simulations for PLZT thin films 
 LSMO /PLZT/ Nb:STO 
Au /PLZT/ 
Nb:STO Au /PLZT/ Pt 
Temperature T (K) 300 (experimental) 
Relative dielectric constant of 
ferroelectric film εr 
1200 (experimental) 
Relative dielectric constant of top 
electrode εe1 
800 [157] 6 [158] 6  [158] 
Relative dielectric constant of 
bottom electrode εe2 
1000  [159] 1000  [159] 8  [160] 
Space charge density of top 
Schottky barrier Neff1 (cm-3) 
2×1020 [ 103] 2×1020  [103] 2×1020  [103] 
Space charge density of bottom 
Schottky barrier Neff2 (cm-3) 
1×1020  [103] 1×1020  [103] 3×1020  [103] 







SCR width of top Schottky barrier 
w1 (nm) 
5    [103] 
SCR width of bottom Schottky 
barrier (w2) (nm) 
5    [103] 
Thickness of top electrode  
(0 – L1) (nm) 
200 (experimental) 
Thickness of bottom electrode  











Quantum efficiency β 90%    [130, 131] 
Absorption coefficient α (cm-1) 4×104    [106, 121] 
Incident UV intensity (mW/cm2) 0.26 (experimental) 
Top electrode transmittance 
Ttransmit 
30% 
Carrier lifetime τn (ps) 200    [125] 
Carrier mobility μn (cm2/Vs) 100    [129, 136] 
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Fig. 7-2. Experimental and simulation results of the thickness-dependent short circuit 
photocurrent Jsc in the LSMO/PLZT/Nb:STO, Au/PLZT/Nb:STO, and Au/PLZT/Pt  
thin film capacitors. The incident UV wavelength and intensity were 365 nm and 0.26 
mW/cm2, respectively.  
 
7.3.2 Effects from crystalline structure, polarisation and conductivity of 
electrodes 
The crystalline structure and polarisation of the ferroelectric are some of the factors 
playing roles in determining the photovoltaic output. The PLZT film grown on 
Pt/Ti/SiO2/Si substrate was polycrystalline, while the PLZT film on the lattice-
matching perovskite Nb:STO substrate was (001)-oriented epitaxial structure [161]. 
The epitaxial film had larger polarisation due to its (001)-oriented epitaxial structure, 
while the randomly-oriented polycrystalline film had smaller polarisation. It is 
believed that the epitaxial crystalline structure with minimized defects improved the 
lifetime of the photo-induced charge carriers and the larger depolarisation field due to 
the larger polarisation could separate the electron and holes more effectively to 
enhance the photovoltaic output. This can explain why the photocurrent in 
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LSMO/PLZT/Nb:STO and Au/PLZT/Nb:STO was significantly larger than 
Au/PLZT/Pt thin films. 
 
What is more interesting is that the experimental data in Fig. 7-2 show that the 
LSMO/PLZT/Nb:STO exhibited significantly larger photocurrent than 
Au/PLZT/Nb:STO. The conductivity of electrode was one of the factors that affected 
the photocurrent output. Charge carrier transport and collection are supposed to be 
limited by the low conductivity of electrode in the electric test. In our study, the 
conductivity of Au and Pt is ~4.52×105 S/cm and ~9.66×104 S/cm respectively, and 
the conductivity of LSMO and Nb:STO measured by our four-point testing system 
was 1029.87 S/cm and 80.81 S/cm, respectively. Apparently, Au and Pt showed the 
much higher conductivity due to their metallic nature. However, what we observed is 
that LSMO/PLZT/Nb:STO exhibited significantly larger photocurrent than 
Au/PLZT/Nb:STO and Au/PLZT/Pt. For the LSMO/PLZT/Nb:STO and 
Au/PLZT/Nb:STO film capacitors, both of PLZT films are epitaxial structure on the 
Nb:STO substrate and only the top electrodes are different.  
 
7.3.3 Screening effect on electrode charge distribution and 
photocurrent 
The results indicated that other important factor related to the electrode besides the 
conductivity strongly dominated the photocurrent. Our theoretical analyses showed 
that the dielectric constant of the electrode significantly influenced the screening 
charge distribution and the photovoltaic output. Fig. 7-3 presents the simulation 
results of the screening charge distribution in the electrodes with different dielectric 
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constants (εe1 and εe2) in a 400-nm-thick PLZT film. The charge density at the 
interface (x=0 and x=400 nm) is higher in the low-dielectric-constant electrode (e.g. 
metal electrode), and is lower in the high-dielectric-constant electrode (e.g. 
conductive oxide electrode), as shown in Fig. 7-3. The low-dielectric-constant 
electrode (e.g. metal electrode, εAu ≈ 6 [158], εPt ≈ 8 [160]) tends to have the screening 
charges more concentrated near the ferroelectric-electrode interface and thus 
polarisation is screened more severely; On the contrary, the high-dielectric-constant 
electrode (e.g. conductive oxide electrode, εLSMO ≈ 800 [157], and εNb:STO ≈ 1000 
[159]) tends to have the screening charges more extensively distributed away from the 
interface and consequently the polarisation screening effect is weakened. This should 
be the reason why the LSMO/PLZT/Nb:STO with perovskite LSMO top electrode 
had much larger photocurrent than Au/PLZT/Nb:STO, as shown in Fig. 7-2.  
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Fig. 7-3. Simulation results of the screening charge distribution in the top (x < 0 nm) 
(a) and bottom (x > 400 nm) electrodes (b) of a PLZT film with a thickness of L=400 
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Fig. 7-4. (a) Simulation results of the effect of εe1 and εe2 on the magnitude of peak 
photocurrent Jsc in PLZT thin films; (b) Simulation results of the effect of εe1 and εe2 
on the thickness of peak photocurrent Lpeak in PLZT thin films. The width of Schottky 
space charge is wSCR=5 nm in the simulation. 
 
Photocurrent simulations were conducted for the ferroelectric films with different 
combinations of the electrodes with different dielectric constants (εe1 and εe2). In these 
simulations, the widths of the Schottky space charge region (SCR) wSCR for the top 
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and bottom electrode interfaces were kept as the same typical value of 5 nm. Except 
εe1 and εe2, all the other simulation parameters remained unchanged. Based on the 
simulation results, the relationship between dielectric constant of electrodes (εe1 and 
εe2) and the magnitude of peak Jsc are summarized in Fig. 7-4 (a). It can be seen in Fig. 
7-4 (a) that at a fixed εe2, the magnitude of peak Jsc increases with the increase of εe1. 
However, when εe1 is sufficiently large, the magnitude of peak Jsc saturates at a 
constant level due to the existence of the SCR-limited regime, which will be 
explained later. In addition, the relationship between dielectric constant of electrodes 
(εe1 and εe2) and the corresponding Lpeak is summarized in Fig. 7-4 (b). It can be seen 
in Fig. 7-4 (b) that at a fixed εe2, the Lpeak decreases with the increase of εe1. However, 
when εe1 is sufficiently large, Lpeak also stops to decrease at the thickness of 2wSCR due 
to the SCR-limited regime. In a word, the magnitude of peak Jsc increases while the 
Lpeak decreases with larger dielectric constant of electrode (εe1 and/or εe2). 
 
In our simulation of the thickness-dependent photocurrent, we noticed that all the Lpeak 
are either larger than or equal to 2wSCR with different combination of εe1 and εe2. In the 
cases when Lpeak > 2wSCR (when εe1 and/or εe2 is relatively small), the drop of 
photocurrent with thickness reduction (below the thickness Lpeak) is related to the 
screening effect in the electrode, wherein both the peak Jsc and Lpeak are determined by 
the dielectric constant of electrode εe1 and εe2. However, when εe1 and/or εe2 reach 
certain values, the maximum photocurrent invariably occurs at the thickness of 2wSCR 
and that the peak Jsc saturates according to our simulations, i.e., when wSCR = 5 nm, 
the maximum photocurrent occurs at Lpeak =2wSCR =10 nm in Fig. 7-4 (b), and peak Jsc 
keeps constant at 3.44 μA/cm2 in Fig. 7-4 (a). Even though the εe1 and/or εe2 continue 
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to increase, the Lpeak stops to decrease and keeps constant at the thickness of 2wSCR as 
shown in Fig. 7-4 (b). In this case, the top and bottom SCRs occupy the whole film 
thickness without so-called bulk ferroelectric film region. With the opposite direction 
of the electric field at the top and bottom SCRs, their superposition results in a 
cancelling-out effect and thus the photocurrent drops quickly when the film thickness 
is below 2wSCR. In this case, the drop of photocurrent with thickness reduction (below 
the thickness Lpeak) is due to the SCR effect rather than the screening effect. Thus, for 
the photocurrent output Jsc and Lpeak in Fig. 7-4, there are two different limitation 
regimes, which can be summarized as electrode-dielectric-constant-limited regime (or 
screening-limited regime) when εe1 and/or εe2 are relatively small, and as SCR-limited 
regime when εe1 and/or εe2 are relatively large. In the screening-limited regime, 
screening effect is more severe due to the small value of εe1 and/or εe2 (metal 
electrode), and the magnitude of Jsc and Lpeak are determined by the dielectric constant 
of electrodes (screening effect). When εe1 and/or εe2 become large (conductive oxide 
electrode) and the screening effect becomes weak enough, the SCR-limited 
mechanism can take the dominant effect in determining the magnitude of Jsc and Lpeak, 
leading to a saturated magnitude for the peak Jsc and constant Lpeak (Lpeak = 2wSCR).  
 
7.3.4 Photovoltaic output in the ideal case: Ohmic contact and no 
screening effect 
When it comes to the extremely ideal condition – dielectric constant of electrode is 
infinitely large (εe1Æ∞ and εe2Æ∞, no polarisation screening effect) and SCR width 
goes to zero (wSCR = 0, Ohmic contact at the ferroelectric-electrode interfaces), our 
simulation result in Fig. 7-5 shows that the photocurrent continuously increases with 
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the reduction of film thickness without a peak-photocurrent at a specific thickness. 
The simulated light-to-electricity photovoltaic efficiency also increases with the 
reduction in the film thickness, as shown in Fig. 7-5 (the efficiency calculation 
method is as explained in the previous Chapter). It has been reported that 
ferroelectricity possibly persists down to the thickness of 3 unit cells (corresponding 
to 1.2 nm of PLZT) [67]. According to Fig. 7-5, the theoretically predicted 
photocurrent is 288.52 μA/cm2, and the corresponding photovoltaic efficiency can be 
as high as 19.5%, at the thickness of ~ 1.2 nm. Recently, a photovoltaic efficiency in 
the order of ~0.1%, which was about 2 orders of magnitude higher than the bulk 
ferroelectrics, was experimentally demonstrated in a ferroelectric PLZT thin film of 
68 nm in thickness [112]. The theoretical analyses here indicate the great room to 
further improve the photocurrent and photovoltaic efficiency in ferroelectric ultra thin 
films or nanostructures when the screening effect could be minimized and the 
interfacial Schottky barrier could be eliminated. 










































Fig. 7-5. Simulation results for thickness-dependent short circuit photocurrent and 




In summary, a general physical model taking into account the ferroelectric 
polarisation, polarisation screening effect, and the electrode interfacial energy barriers 
has been established to elucidate the mechanism of photovoltaics in ferroelectric thin 
films. It was discovered through both the theoretical and experimental approaches that 
the dielectric constant of the electrodes substantially determines the photovoltaic 
output of ferroelectric thin films sandwiched between different electrodes. With the 
screening charges distributed extensively away from the interface between the 
ferroelectric and electrodes, the use of the electrodes with a high dielectric constant 
gives rise to dramatically enhanced magnitude of photocurrent. Extremely high 
photovoltaic efficiency up to 19.5% is theoretically predicted as possible in 
ferroelectric ultra thin films or nanostructures when the screening effect could be 
minimized and the interfacial Schottky barrier could be eliminated. It should be noted 
that intriguing photovoltaic output has also just been reported in ferroelectric BiFeO3 
bulk single crystal under visible light although the currently obtained photovoltaic 
response is very low [162]. The insight gained here provides a general strategy to 
further improve the efficiency of various photovoltaic devices by implementing nano-
structures and taking into account both the photovoltaic materials and their electrodes 

















8.1 Major findings  
This research systematically investigated the photovoltaic effect in ferroelectric 
polycrystalline and epitaxial PLZT thin films with the chemical composition 3/52/48 
near the morphotropic phase boundary (MPB). Photovoltaic outputs, including 
photovoltage, photocurrent, illuminated J-V curve and light-to-electricity conversion 
efficiency, were experimentally and theoretically investigated in both polycrystalline 
and epitaxial thin film capacitors with different PLZT film thicknesses. Sol-gel and 
magnetron sputtering processes were used to fabricate different electrode-PLZT-
electrode capacitor structures (Au/PLZT/Pt, Au/PLZT/Nb:STO, and 
LSMO/PLZT/Nb:STO). In order to theoretically characterise photovoltaic outputs and 
reveal the ferroelectric photovoltaic mechanism, physical models were developed on 
the basis of electric field distribution and current continuity in the electrode-PLZT-
electrode thin film capacitor. Interfacial effects (including Schottky effect, thickness 
effect and screening effect) were also taken into account in our theoretical models. In 
addition, the photovoltage stability in the multi-cycle UV light illumination was also 
investigated in ferroelectric thin film capacitors. The major findings obtained from the 
present research are listed as follows:  
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8.1.1 Schottky effect in photovoltaics of ferroelectric thin films 
It was found that interfacial Schottky barriers have significant effects on the 
magnitude and polarity of photovoltaic outputs. In the unpoled films, the photovoltaic 
output is mainly induced by Schottky barriers at the ferroelectric-electrode interfaces. 
Asymmetric Schottky barrier at the two ferroelectric-electrode interfaces caused non-
zero photovoltaic output in the unpoled films and asymmetric outputs in the opposite 
poling directions in the poled films. The photovoltage magnitude in the unpoled films 
is mainly determined by the Schottky potential difference at the two electrode 
interfaces and is independent of film thickness. The illuminated J-V curve shifted 
towards positive voltage direction after positive poling and towards negative voltage 
direction after negative poling in ferroelectric thin films. The shift of the J-V curve 
after poling resulted in either increase or decrease of short circuit photocurrent, open 
circuit photovoltage and photovoltaic efficiency, whereas the enhancement of 
photovoltaic outputs (including short circuit photocurrent, open circuit photovoltage 
and photovoltaic efficiency) only occurs when the polarisation direction accords with 
the direction of Schottky potential difference of the two electrode interfaces.  
 
8.1.2 Thickness effect in photovoltaics of ferroelectric thin films 
For the ferroelectric thin film capacitors with the polarisation perpendicular to the 
substrate, short circuit photocurrent showed exponential-like increase with the 
decrease in thickness in both poled and unpoled films. This phenomenon could be 
explained by charge-transportation-limited mechanism resulted from the short lifetime 
of charge carriers, especially in thicker films. At small film thickness, not only 
polarisation degrades with the decreasing thickness, but also the Schottky space 
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charge regions (the interfacial layers) occupy a larger percentage of thickness in the 
ferroelectric thin film, so that ferroelectricity becomes much more weakened and thus 
photocurrent may also drop in ultrathin films. Unlike the photocurrent, the 
photovoltage in the unpoled films is independent of thickness, and in the poled films 
the photovoltage showed a linear dependence on film thickness on the basis of the 
non-zero photovoltage in the unpoled film. Moreover, in accordance with the 
photocurrent, photovoltaic efficiency showed a similar trend in the thickness 
dependence as photocurrent.  
 
8.1.3 Screening effect in photovoltaics of ferroelectric thin films 
It has been shown through both the theoretical and experimental approaches that the 
dielectric constant of the electrodes substantially determines the photovoltaic output 
of ferroelectric thin films sandwiched between different electrodes. The low-
dielectric-constant electrode tends to have the screening charges more concentrated 
near the ferroelectric-electrode interface and thus polarisation is screened more 
severely; On the contrary, the high-dielectric-constant electrode tends to have the 
screening charges more extensively distributed away from the interface and 
consequently the polarisation screening effect is weakened. As a result, the use of 
electrodes with a high dielectric constant gives rise to dramatically enhanced 
magnitude of photocurrent. 
 
8.1.4 Stability of photovoltage under multi-cycle UV illumination 
Photovoltage degradation magnitude ΔV was found similar in ferroelectric thin films 
polarised at both thickness and in-plane direction under multi-cycle UV illumination 
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despite the huge difference in inter-electrode distance in the two configurations. The 
observed photovoltage decrease in the multi-cycle illumination for the poled films 
showed that the ferroelectric polarisation-induced internal electric field was degraded 
probably due to the screening by the trapped photo-induced charge carriers. The 
charge trapping and polarisation screening mainly occurred at the ferroelectric-metal 
interfaces but not in the ferroelectric bulk region. 
 
8.1.5 Improved photovoltaic efficiency in ferroelectric thin films 
The epitaxial PLZT films with Au/PLZT/Nb:STO structure exhibited significantly 
larger photovoltaic outputs over the randomly oriented polycrystalline PLZT films 
with Au/PLZT/Pt structure. It is believed that the high crystalline quality with reduced 
defects and enhanced polarisation contributed to the larger photovoltaic responses in 
the epitaxial PLZT. In addition, unprecedented high power conversion efficiency for 
ferroelectrics on the order of 10-3 (0.28%) was demonstrated in our nano-scale 
epitaxial LSMO/PLZT/Nb:STO thin films derived from RF magnetron sputtering. 
Theoretical analyses predicted that extremely high efficiency may exist in high 
quality ferroelectric ultrathin films with minimized width of Schottky space charge 
region (Ohmic contact) and with minimized screening effect (using electrodes with 
high dielectric constant).  
 
8.2 Contributions and implications  
One of the most important contributions of this work is the improvement of power 
conversion efficiency in ferroelectric photovoltaic effect. We improved the light-to-
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electricity power conversion efficiency by two orders in ferroelectric thin films using 
epitaxy growth – from 10-6 ~ 10-5 in polycrystalline thin film to 10-3 in epitaxial thin 
film. In comparison with the previously predicted limit for photovoltaic power 
conversion efficiency in ferroelectrics, which is on the order of 10-6, efficiency in our 
study has been improved greatly. This improvement can be mainly attributed to the 
improved crystallinity, ferroelectricity, ferroelectric-electrode interface and the use of 
different electrode material in epitaxial thin films. First, ferroelectric out-of-plane 
(normal to substrate) polarisation of in the highly (001)-oriented texture can produce a 
larger driving field for charge transfer. Second, carrier lifetime may be also enhanced 
in epitaxial films so that they can favour the charge transportation. Furthermore, the 
defect density at ferroelectric-electrode interface is much lower in epitaxial interface 
than that at polycrystalline interface, and thus charge collection is assisted at 
interfaces in epitaxial thin films. Finally, the use of high-dielectric-constant material 
as electrode also helped to reduce screening effect and enhance the photovoltaic 
output. 
 
Another important contribution is that we developed theoretical models to 
systematically characterise the observed photovoltaic outputs, including photovoltage, 
photocurrent, illuminated J-V curve and power conversion efficiency, in ferroelectric 
polycrystalline and epitaxial thin films. The developed theory in this research does not 
only provide better understanding for the photovoltaic behaviour in ferroelectric thin 
films, but also provides new insights on the fundamental mechanism of photovoltaics 
in ferroelectric thin films with regard to the interfacial effects – Schottky effect, 
thickness effect and screening effect. This experimental study has taken a major step 
towards characterising the photovoltaic outputs in ferroelectric thin films and the 
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theoretical models lay necessary foundations for application development in the future. 
The models also provide an approach to estimate photovoltaic outputs for ferroelectric 
thin films with different dimensions and/or electrode materials, which is very useful 
in the device design for ferroelectric-based photovoltaic applications.  
 
Finally, we found out the major cause that degrades the stability of photovoltaic 
outputs in ferroelectric thin films under multi-cycle UV illumination, which is 
particularly important to stability performance for photovoltaic applications. We also 
theoretically analysed the interfacial effect on photovoltage degradation, and this 
work provides a useful guideline for how to improve stability performance of 
photovoltaic outputs in the future. 
 
8.3 Recommendations for future work  
One limitation of photovoltaic effect in ferroelectric thin films is that the light-to-
electricity power conversion efficiency is generally low. Although we have managed 
to improve the efficiency by two orders – on the order of 10-3 in nano-scale epitaxial 
PLZT thin films, it is still lower than the commercially used semiconductor-based 
photovoltaic devices. However, this does not mean that ferroelectrics are inferior to 
semiconductors in photovoltaics. As a matter of fact, the problem of low efficiency 
has been a common issue for ferroelectrics for a long time. The most updated study in 
this area also reported a similar value of the maximum efficiency for PZT family (on 
the order of 10-5). It was theoretically predicted in the year 2000 that the maximum 
efficiency for ferroelectrics should be on the order of 10–6 ~ 10-4 because of some 
fundamental limitations in the ferroelectric material. With respect to this theoretically 
predicted efficiency, our experimentally obtained efficiency of 10-3 challenges the 
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earlier conclusion. However, further theoretical study is still needed to elucidate the 
intrinsic physical mechanisms which cause the low efficiency (e.g. in terms of charge 
generation, charge transfer, charge collection and chemical composition), so as to 
derive guidelines on how to further improve the efficiency in the future.  
 
Another problem of photovoltaics in ferroelectric thin films is the fabrication cost. In 
the view of fabrication processes for polycrystalline and epitaxial ferroelectric thin 
film, both of fabrication methods – chemical solution deposition and magnetron 
sputtering, are cost-effective and suitable for mass production. However, the costs of 
substrates are significantly different. For epitaxially grown PLZT thin films, although 
their performance is much better than that of polycrystalline films, the requirement for 
substrates is high and the substrate is usually expensive. In epitaxy, not only the 
lattice of substrate must possess a perovskite structure, but also the lattice parameter 
of substrate must match that of PLZT. Moreover, the conductivity of the substrate has 
to be high because the substrate also acts as a bottom electrode for the epitaxial 
ferroelectric thin film. In addition, the thermal expansion coefficient of the substrate 
has to be larger than that of the PLZT thin film in order to favour the (001)-oriented 
epitaxial growth and enhance the ferroelectric polarisation. Besides, the dielectric 
constant of substrate is required to be as high as possible to minimize the screening 
effect. With regard to all these requirements, it is not easy to find a suitable substrate. 
The known substrates which can satisfy all the requirements are very few and are 
extremely expensive, e.g. Nb:STO. In contrast, for polycrystalline thin films, although 
they are fabricated on the cheap Si substrate, the photovoltaic performance (e.g. 
stability, photovoltaic efficiency) is poor. In other words, there is a trade-off between 
the cost and ferroelectric photovoltaic performance. In order to reduce the cost but 
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still maintain the high quality of the PLZT epitaxial thin films, it is recommended to 
use conductive perovskite thin film layers instead of conductive perovskite substrates. 
Conductive perovskite thin film layers (e.g. LSMO, SRO, YBCO, LNO) epitaxially 
grown on non-conductive perovskite substrates (LAO, STO) is usually cheaper than 
the conductive perovskite substrates (Nb:STO), e.g. the cost of LSMO/STO is cheaper 
than the Nb:STO substrate. Studies are still needed in the future to develop high 
quality conductive perovskite thin film layers on non-conductive perovskite substrates 
as the template for ferroelectric thin film epitaxial growth for the purpose of cost 
reduction.  
 
As for the application, the photovoltaic device largely depends on the photovoltaic 
properties of ferroelectric thin films. It is known that the ferroelectric PLZT thin film 
is most sensitive to UV light. It strongly absorbs UV light but almost does not absorb 
visible light because of the nature of its energy band structure. The absorption 
spectrum of the PLZT ferroelectric thin film limits its photovoltaic applications in the 
UV light spectrum. The PLZT ferroelectric thin films cannot effectively make use of 
the natural sunlight in the open air, thus they are not suitable for the application of 
solar energy system. In addition, as mentioned before, the photovoltaic energy 
conversion efficiency is low in ferroelectric thin films, thus they are not suitable for 
the application of electricity generation either. However, the unique UV light 
absorption spectrum of PLZT thin film makes such films a promising candidate for 
the UV light applications such as UV sensor, UV detector and UV dosimeter. More 
importantly, it is known that switchable polarisation is characteristic of ferroelectrics, 
which allows switching the photovoltage or photocurrent signals between the positive 
and negative polarities in ferroelectric thin films. This unique property makes such 
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films promising for another type of photovoltaic applications – optical image storage 
or optical memory. In the optical memory, each bit of information of an optical image 
is stored as polarisation state in each element of the ferroelectric thin film; and then 
the stored information is read out as the polarisation-induced photovoltage or 
photocurrent signal under UV light illumination. It is worth trying to develop the UV 
sensor/detector, or optical memory devices for applications in the future work if high 
quality epitaxial PLZT thin films can be obtained at a lower cost and photovoltaic 
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